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ABSTRACT

Amino Acids as Precursors

of Volatile

Components ln Tomato Fruit
by
Ming-Ho Yu, Doctor of 'Philosophy
Utah State University,

1967

Major Professor:
Dr. D. K. Salunkhe
Department: Plant Nutrition and Biochemistry

The composition of tomato fruit at nine different maturity stages was
studied.

The dry matter content decreased

soluble material
decreased

and non-protein

gradually,

nitrogen increased

whereas the alcohol
with ripening.

up to the large bTeen stage and then increased

Total nitrogen

during ripening.

Starch

accumulated until nearly the large green stage and then diminished rapidly.
two components of starch,

amylose decreased

much faster than amylopectln,

the ratios of amylopectin and amylose thus increased

concentration

doubled as the fruit ripened.

high concentration,

A concomitant decrease

of several other amino acids was also noted.

amino acids serving as precursors

and

during 1·ipening. Among the

amino acids, glutamic acid was present in an exceptionally
and its concentration

Of the

The possibility

In the

of

for the synthesis

of volatile aroma components

to demonstrate

that crude enzyme preparations

in tomato is discussed.
Evidence is then presented

xl

from fresh tomatoes can produce carbonyl compounds in the presence of some
amino acids.

The enzymatic activities

of the preparations

tomat oes were generally higher in converting
the preparations

from field-grown

alanine and leucine than those of

from 1,rreenhouse-grown tomatoes.

Preparations

fruit had lower activity despite the higb protein concentration.
the enzyme extracts

from young

The aclivity of

increased with development stages of the fruit,

and different

amino acids showed different patterns in the response to enzyme preparations.
The enzymes are sensitive

to pH changes and there is a marked difference in

the soluble and lhe insoluble fractions
activ ity bet'W-CCn
Analyses were subsequently
volatile components enzymatically

of the extracts.

carried out by gas chromatography

for fu.c

produced from amino acids by tomato extracts.

Alanine, leucine, and valine were found to be the most important precursors,
Chromatograms
used.

and with substrate

differed with enzyme preparations

amino acids

.More volatile components were produced with enzymes prepared

from red-

ripe tomatoes than with those from green tomatoes.
from 1,rreenhouse-grown ripe tomatoes were

The enzyme preparations

found capable of producing 3-me thyl-b utanal and 3-methyl-1-butanol
of L-leucine.

The production of 3-methylbutanal

l 14 c)- L-leucine

as substrate.

When preparations

was further confirmed using
from young green tomatoes

were used, the enzymatic reaction products contained propanal.
that different enzyme preparations
substrate

amino acid.

in the presence

This indicates

varied their activity in converting the same

Further experiments

have shown that the enzyme extracts

[rom field-grown red ripe tomatoes produced propanal and some unidentified
xii

carbonyl compounds from alanine, whereas they produced several alcohols
Addition of two amino acids as substrates

from leuclne and valine.
resulted

sometimes

in new volatile components.
The production of volatile components from amino acids appears to

involve transamination.

This was demonstrated

formed during the enzymatic reactions.
and a concomitant increase

by the analysis ofltlutamic acld

A decrease

amino acid

in glutamic acid was observed in the reaction mixtures.

Based ilp_on the reaction products that were identified,
of the biosynthesis

In the substrate

some hypothetical pathways

of a few volatile components have been suggested.

(126 pages)
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PART ONE

COMPOSITIONAL CHANGES DURING DEVELOPMENT

2

INTRODUCTION

As tomato fruit develops,

characteristics

occur.

changes in physiological

Dalal et al.

(1965) observed that the biosynthesis

of some non-volatile

compounds in tomato increased

stages of the fruit.

They reported

volatile reducing substances,

a progressive

reducing sugars,

may arise,

progressively

at least parUy,

and

Rosa (1925) reported

that

in quantity with advanced growth of the fruit

from hYdrolysis of starch.

of the two components of starch,

amylopectin,

no information

(1958) reported

markedly,

with ripening.

namely, amylose and

an increase

in the protein nitrogen

rise and then . a steady decrease

Freeman and Woodbridge (1960) determined

acid content in tomato fruit and observed
increased

As to the changes in

is available.

to total nitrogen ratio di.iring the climacteric
in the later stages.

A similar observation

The reducing sugars which were

concentration

Rowan et al.

in· quantity of

water soluble pectins,

steadily during ripening.

was made by Andreotti and Ceci (1955).
shown to increase

with advanced growth

increase

organic acids as the fruit advanced in maturity.
the starch content decreased

and biochemical

while alanine,

that glutamic and aspartic

arginine,

Davies (1966) reported

the amino

leucine,

acids

valine, etc. decreased

that glutamic acid increased

approxi-

mately 10-fold and aspartic

acid more than doubled from the mature green

to the red stage of ripeness.

The presence of glutamic acid in the highest

concentration

in ripe tomatoes was also noted by Hamdy and Gould (1962) in

their studies on eight varieties

of fruit.

3

In the course of studying the precursors
tomato ifruit,

it was deemed of value to look further into the changes in compo-

sition during the development of the frnit.
experiments
Moscow.

of the aroma components in

The present study is concerned with

using two varieties of tomatoes,

namely,

Fireball and V. R.

Fireball is an early and V. R. Moscow is a mid season variety.

4

EXPERIMENTAL

Material
Two varieties
were used.

of field grown tomatoes,

Fireball

and V. R. Moscow,

The sample tomatoes were sorted and classified

1965): 1st: 1/2 inch (in diameter)

maturity in the following way (Dalal et al.,
or below; 2nd: 1/2 to l; 3rd:

1 to l 1/4;

(Lat:>gegreen); 6th: 2 to 3 (Breaker);

into 9 stages of

4th: 1 1/4 to 1 3/4; 5th: 2 to 3

7th: 2 to 3 (Pink); 8th: 2 to 3 (Red);

9th: 2 to 3 (Red ripe).
Several tomat.oes (4 to 15, depending on sizes) of the same stage
were selected

and cut into halves.

Only one-half from each fruit was used.

The halves were then cut into small pieces,
taken.

Each experiment

ment duplicate samples
Statistical

was carried

differences

out at least twice, and for each experi-

were used, and the values thus obtained were averaged.

analyses were carried

significance

from which samples were randomly

out for some of the data, and the least

at 5 percent level (LSD . 05) and 1 percent level (LSD

. 01) were shown whenever possible.

Dry matter
About 20 g of fresh tomatoes of various stages of maturity were
weighed and heated in a forced-draught
(This dry matter

oven at 80 C for about 48 hours.

was ground in a mortar and the powdered sample was used

for further analyses) .

5

Alcohol soluble material
Determination
method of Mccready

of the alcohol soluble material was based upon the
et al .

(1950).

F.xacUy O. 200 g of dried sample was

weighed into a 50 ml. centrifuge tube and extracted
ethanol

while stirring.

with hot 80 percent

The mixture was allowed to stand for 5 minutes,

ce ntrifug ed, and the supernatant

was removed by decantation.

The residue

was again ext racted with hot 80 percent ethanol.

This extraction was repeated

four times.

was dried in an oven at

The residue from alcohol extraction

70-75 C for 6 hours and then in a vacuum desiccator

for 20 hours, and finally

weigh1c.'<i.The alcohol sohtble material was obtained from the difference in
weight between the original sample t.ak.en and the dried residue. which remained after the ethanol extraction.

Total nitrogen
Total nitro1:,<enwas determined according to the method of Snell and
Snell (1954), with a slight modification.
material was weighed.

Into a test tube, 20 mg of the dried

Two ml of 50 percent J-1:!S0 containing 1 percent
4

of Se0 2 were added, and the tul,e was heated in a sand bath until the contents were clear.

After the digestion , the tube was allowed to cool, and

the conlent.s were transferred

by washing into a 50-ml. volumetric flask.

A one ml.aliquot was taken, diluted to 7. 0 ml. with distilled water,
by addition of 3 ml.of Nessler's
the mixture was determined

reagent.

After shaking,

the absorbance of

in a Beckman DU spectrophotometer

The nitrogen content of each sample was determined

followed

at 430 m.U.

from a calibratio n curve

6

constructed

from absorbance

centration carried
determination

readings of NH4 H2P0 solutions of known con4

through the digestion procedure.

The blank used in this

consisted of distilled water being carried

through the same

procedure.

Protein nitrogen .
Protein nitrogen was considered as that fraction of total nitrogen
which remained after repeated extraction of the dry samples with hot 80
percent ethanol (Snell and Snell, 1954). No attempt was made in order to
separate nucleic acids from the residue.
4 times.

The residue from the extraction was then subjected to acid di-

gestion and the nitrogen content determined
described

The alcohol extraction was repeated

by the same procedures

as

in the section of total nitrogen determination.

Non-protein nitrogen
The difference between total nitrogen and protein nitrogen was considered as the non-protein nitro1,'Cn and was obtained by computation .

Amino acids
Tomatoes representing
of amino acids.

fJve growth stages were used for determination

Fifty grams of each sample were extracted with 150 ml. hot 80

percent ethanol, in two portions,
blcndor for 3 minutes.

by blending them together in a Waring

The homogenate was centrifuged,

was condensed in a Rotavapor.

and the supernatant

The residue in the flask was then washed into

7

a 25-ml.

volumetric

flask, made up 'to volume with distilled

extract was re-centrifuged
for determination
automatic

briefly and the supernatant

of amino acids.

water.

This

used as the sample

The analysis was carried

out by use of an

Only V. R. Moscow variety was used for the

amino acid analyzer.

determination.

Starch
Extraction
by Mccready

of starc h. Starch was extracted

et al.

To the residue

(1950).

by using the method described

from alcohol extraction,

5 ml.

of H o were added , followed by 6. 5 ml. of 52 percent IIC104 . The mixture ,
2
cooled in ice water,
stirred

was stirred

during a 15 minute

ture was centrifuged
re siduew.creadded
occasionally

cons tan Uy for 5 minutes and then occasionally

period . After addition of 20 ml. of fi:20, the mix-

and the supernatant

removed by decantation.

5 ml. fi:20, and the extraction

during a 30 minute period.

to 100 ml. wHh water,

and filtered.

·ro the

was repeated by stirring

The extracts were combined,

diluted

The filtrate was used for determination

of total starch and amylosc.
Determination

of total starch.

diluted 5 to 10 times for determination
were based on those described

An aliquot from above filtrate was
of total starch.

by Dubois et al.

(1956).

The procedures
One ml. of

aqueous 5 percent phenol solution was added to 1 ml. of aliquot followed by
5 ml. of cone . fiiiS0 . The mixture was allowed to stand for 15 minutes,
4
shaken and then placed in a water bath at about 30 C for 20 minutes.

The

8

absorbance

was read in a Beckman DU spectrophotometer

blank was prepared by substituting
Quantitative determination
previously

constructed
Determination

determination

distilled water for the sugar solution.

was carried out by reference

using Baker's
of amylosc.

at 490 m,'.( . A

to a standard curve

soluble starch.
The same

filtrate .. was also used for

of amylose according t.o the methods of Mccready et al.

A 10 ml. aliquot was pipetted into a 50-ml. volumetric

flask.

(1950).

One ml. of

12 -KI solution was added, and the contents were diluted and made up to volume
with distilled water.
minutes,

The resulti ng mixture was allowed to stand for 15

and the absorbance

read in a spectrophotometer

at 660 m ,u .

The blank consisted of 1 ml. of the iodide solution diluted to 50 ml. with water.
The amylose content of each of the extracts was determined by referring
standard curve constructed

to a

by use of several amylose solutions of known

concentration.
Amylopectin.

The amylopectin content was obtained by the subtraction

of amylose from the total starch.

9

RESULTS

The dry matter content of tomato fruit decreased
up to the red stage and then increased

during development

slightly (Figure 1), ranging from 5. 8 to

7. 2 percent for Fireball , and 5. 8 t.o 8.2 perc ent for V. R. Moscow , respectively.

In general,

the Fireball varlety appeared

V. R. Moscow variety.
concentration

to contain less dry matter than the

As shown in Fi&'Ure 2, a prog-ressive increase

of the alcohol soluble material

Except for the first stage of the Fireball

was observed in both varieties.

variety,

over 50 percent of the dry

matter of green tomatoes was soluble in 80 pe·rcent ethyl alcohol.
contained much more alcobol-soluble
cent when compared

material;

the increase

than the Fireball

variety,

of tomatoes ( Figure 3). A gradual decrease
the 5th st.age, when the concentration
increased

A gradual decrease

was about 60 per-

the V. R. Moscow variet'J contained more alcohol
regardless

Th e total nitrogen was high at the earlier

centration

Ripe tomatoes

with tomatoes of earlier g1•owth,st.ages .. As with the results

of the dry matter study,
soluble material

in the

of maturation

stages.

growth stages for both varieties

followed until the large green or

reached its minimum.

Thereafter,

the con-

steadil y up to the red or the 8t h stage , followed by a decline.
in the concentration

development of the fruit (Figure 3).

of protein was observed during the

For V. R. Moscow only, a slight increase

was observed during ripening . Calculated as the difference
total nitrogen and protein nitrogen,

between the values of

the non -protein nitrogen was found to increase
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Nitrogenous compounds of developing tomatoes
of maturity.
Fil·eball
LSD. 05
LSD . 05
LSD. 01
LSD. 01

Total N
Protein N
Total N
Protein N

3.4
2.2

4.9
:J, 1

at different stages

v. R.

Moscow
3.9
2. 5
5.5
3.6
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with advancing maturity of the fruit.

These trends can be seen more clearly

when both protein nitrogen and non-protein

nitrogen were expressed

in terms

of percent of total nitxogen, as shown in Figure 4.
The results obtained from the analysis of amino acids are shown in
Table 1. The concentration

of most of the amino acids changed markedly

during maturation of the fruit.
leucine, methionine,

Alanine, arginine,

phenylalanine,

tyrosine,

cysteine,

isoleucine,

and valine all decreased

as

the fruit advanced from the green stage to the breaker or the 6th st.age.
Glutamic acid was present in the highest concentration,
acid, for all stages of maturity.

The concentration

followed by aspartic

of either of these amino

acids was many times higher t.han that of any of the others.
acids increased markedly in concentration
other amino acids.

increased,

dttring ripening, in contrast to many

Glutamic acid increased

stage compared to the preVious stage.

more than 100 percent at tho 7th

·rota! concentration

peaked at the pink stage, after which it decreased

concentration

These two amino

of the amino acids
gradually.

The

of NH3 , which would come prima1·ily from the hydrolysis of

glutamine and asparagine,

appeared to follow this pattern also.

Tomatoes accumulated starch gradually as they grew until before the
large green stage, when the concentration
centration

started t.o diminish rapidly.

ranged from l. 22 to 0. 07 percent for the Fireball

to 0. 07 percent for the V. R. Moscow variecy.

variety,

The conand 0. 7

Tables 2 and 3 show the changes

in total starch and amylose content for the two varieties

of fruit.

Fireball variety appeared toa·ccumulate more starch than the V.

In general,

n.

the

Moscow variety.
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Table 1.

Amino acid composition
variety)

Amino acid

4

of developing

tomatoes

6

Stage of maturity
7

Concentration

( ;(J moles/100

(V. R. Moscow

9

8

g fresh tomato)

32.5

37.0

35.0

9.0

27. 5

22.5

10. 0

2 04. 5

202.5

252. 5

375. 0

259. 5

29. 0

16.0

12. 5

Trace

Trace

830. 0

740.0

1500.0

1630.0

1680.0

Glycine

4 7. 0

37.0

32.5

30.5

30.0

Histidine

19. 5

20.5

22.5

21. 0

20.0

Isoleucinc

40. 0

20.0

20.0

25. 0

11. 5

Leucine

34. 5

18.5

17. 5

22.5

14.5

Lysine

40. 0

28.0

38. 5

28.5

22.5

Methionine

13. 5

6.5

7.5

11. 0

6.0

Phenylalanine

51. 0

23.0

40.0

43.5

23.5

Serine

54. 5

95.5

79.0

54.0

36.5

Threonine

53. 5

32.5

6!). 0

54. 5

36.0

Tyrosine

19. 5

6.0

10.0

21. 0

3.0

Valine

71. O

22.5

22.5

16.0

10.0

935. 0

1020.0

1075. 0

550.0

525.0

Alanine

87. 0

60.5

Arginine

22. 5

Aspartic

acid

Cysteine
Glutamic acida

NH3

Total
2552 . 0
SPro lin e was noi separated

values.

2358. 0
from glutamic

2723.0
2941. 5
3259.0
acid, and is included in glutamic acid

Table 2.

Starch and amylose
(Fireball variety)

content of developing tomatoes

Starcli
Stage of
Maturity

(mg/100 g fresh
tomato)

Ratio

Amylose
(mg/100 g fresh
tomato)

%of
starch

Amyloeectln
amylose

1

480

126

26.3

2.81

2

652

200

30. 7

2.26

3

1110

428

38.

1 . 59

4

1220

490

40.2

1. 49

5

(HO

244

40.0

1. 50

6

140

18

12.9

6. 78

7

136

12

8.8

10.33

8

180

14

7.8

11. 86

9

70

2

2.9

34.00

LSD. at . 05 120. 3

18. 3

at .01

26.3

172. 9

(i

Table 3. Starch and amylose content. of developing tomatoes
(V. R. Moscow variety)

Starch
(mg/100 g fresh
tomato)

Stage of
maturity

Amy lose
(mg/ 100 fresh
tomato)

%of
starch

Ratio
Amyloeectin
amylose

1

164

140

30.2

2.31

2

700

204

29.1

2.43

3

600

226

37.7

l. 65

4

400

140

35. 0

l. 86

5

130

20

15.4

5.50

6

96

6

6.2

15.00

7

74

4

5.4

17.50

8

68

2

2.9

33.00

9

74

4

5.4

17.50

LSD.

al .05

81. 0

20.7

at . 01

116. 4

29.7
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The amylose content of fruit at different stages of maturity showed a
trend similar
however,

to that of the total starch.

more marked.

as fruit ripened was,

For example, the amylose content of Fireball

breaker or the 6th stage decreased
previous stage (Table 2).

The decrease

at the

suddenly to less than one-tenth that at the

The decrease was most marked between the 4th and

the 5th stages in the V. R. Moscow variety; the content dropped from 140 mg to
20 mg per 100 g of fresh tomato fruit (Table a).

The amylopectin

content,

which was assumed to be the difference between total starch and amylose,
decreased

progressively

was much smaller
therefore,

as the fruit ripened.

than that for amylose.

However, the rate of decrease

The ratios of amylopectin and amylose,

changed markedly as the fruit grew to maturity.

2 to 3 in the earlier

'l'he ratios were about

stages of growth, but they became increasingly

the fruit ripened (Tables 2 and 3).

also

greater

as
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DISCUSSION

The increase

in alcohol soluble material

with the findings of Dalal et al.

ment of lhe fruit is consistent
reducing sugars,

volatile reducing substances,

maturity of the fruit.

Similar

results

(1959) for Brookston tomatoes,

etc. , increased

have been reported

develop-

(1965) that
with advanced

by Woodmansee et al.

and by Singleton and Gortner (1965) for pineapples.

The total nitrot,'Cn was high in the earlier
gradually decreased

with the progressive

growth stages of lhe fruit, but then

until about the large green stage.

A steady rise was then

observed

during ripening (Figure 3), possibly indicating an enhanced protein

synthesis

during this period.

This latter observation

report made by Rosa (1925), but our results

confirms

showed that the concentration

dropped when lhe fruit passed the red stage (Figure 3).
(1959) found a small increase
crease

in protein during ripening.

in protein nitrogen and a concomitant

the earlier

increase

Woodmansee et al.
A progressive

in non-protein

de-

nitrogen

are evident from lhe res ults shown in Figures 3 and 4 and Table 1. It appears
that at least part of the amino acids may come direcUy from hydrolysis of
protein present
protease

in the fruit.

According to Gortner and Singleton (1965), the

aclivity in the developing pineapple fruit was high until the final period

of ripening.
The extremely
is noteworthy.

high concentration

This is consistent

of glutamic acid in the tomato fruit

with the results

reported by other workers

(Freeman and 'Woodbridge, 1960; Hamdy and Could , 1962; Davies,
cause glutamic acid was not successfully

separated

1966). Be-

from pro line, the concentration

20
of glutamic acid shown in Table 1 inch,ded that of proline.
however,

that the amount of proline was not large,

and so most of the value

shown in the table may be regarded as glutamic acid.

It is also noteworthy

of glutamic acid doubled as the fruit grew from the

that the concentration
6th to the 7th stage.

This may indicate that during this period, a greatly

enhanced metabolic acitivty occurs in vivo, resulting
glutamic acid.

It may be assumed,

in the production of

Freeman and Woodbridge (1960) showed, in addition, the

presence of a high concentration

of o-aminobutyric

acid.

No attempt was

made to investigate this compound in the present study.
The increase
to the decrease

cysteine,

in the concentration

in concentration

leucine, valinc, etc.

and Woodbridge (1960).

of glutamic acfd appears to be related

of many other amino acJds such as alanine,
Similar results

have been reported by Freeman

Dent et al. (1947) and Stewart et al.

(1949) showed

that under conditions o( protein synthesis in the potaro many amino acids
decreased

markedly,

concentration.
synthesis.

whereas glutamic and aspartic

acids remained high in

They suggest.ed the 1a1ter phenomenon

to be due to protein

The present study also showed that only trace of cysteine could be

detected in the extracts
in the concentration

from the ripe fruit (Table 1). A marked decrease

of NH was also observed during ripening.
3

of cysteine in the extracts

The absence

from ripe tomatoes may indjcate a rapid incorporation

of this amino acid into some important components,
protein or some sulfur-containing
may reflect deamination of amides,

aroma components.

such as a specific enzyme
The decrease in NH3

such as glutamine and asparagine,

during

21
the ripening period.
concentration

This might partly account for the large increase

of both aspartic

and glutamic acids.

Green tomatoes gradually accumulated
green stage, when a rapid decrease
during ripening has been reported

starch until before the large

began (Table 2 and 3). The loss of starch
for bananas (Barnell,

1958), as well as for tomatoes (Rosa, 1925).
demonstrated

in the

that the rate of decrease

1941), apples (Hulme,

The present study further

in amylose during ripening was much

more marked than that of amylopectin.

Expressed

in ·terms of percent of total

starch,

the amylose diminished very rapidly as the fruit began to change its

color.

As a result,

ripening.

Interesting

and amylopectin

the ratios of amylopectin and amylose became greater during
in this cont.ext are the findings that the ratio of amylase

in wrinkled pea starch increased

as the pea matured (Mccready

et al. , 1950), and that no significant variation was found in the ratio in potato
tuber starch at different grow~h stages (Halsall et al. , 1948).
According to Dalal et al. (1965), the free reducing sugar content of
tomatoes increased uniformly.
content increased

The present study has shown that the starch

gradually with advanced maturation

reached the maximum concentration
would indicate that the increase
content were not parallel.

of the fruit, and that it

when the fruit was nearly large green.

and decrease

In other words,

in free reducing su&'llr and starch
the sugars may not necessarily

produced at the expense of the starch already present in the fruit.
sideration

seems to be in agreement

and Hulme (1958).

This

with the work reported

be

This con-

by Barnell (1941)
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Tomato fruit develops its characteristic
ripening.

flavor and aroma only upon

Results of the present study have confirmed the earlier

findings by

other workers that marked changes take place in the nitrogenous compounds,
especially

the amino acids during ripening.

Whereas utilization of a variety of

stored amino acids for protein synthesis could account for the marked decrease
in some amino acids during ripening of tomatoes (Freeman and Woodbridge,
1960; Dent et al. , 1947; Steward et al. , 1949), it is also possible that these
amino acids may serve as the precursors
in tomatoes.

for the synthesis of aroma components

Jn support of this hypothesis are the similar patterns of changes

noted for the volatile components (Dalal et al. , 1965) and the amino acids.

In

addition, Pinto and Chichester (1966) have recently shown that in the roasting of
cocoa beans, destruction

of amino acids and reducing sugars occurs,

the production of volatile carbonyl compounds.

followed by

They postulated that the majorizy

of the latter compounds produced during the course of the roasting process are
the results of the oxidative deamination of free amino acids.
may possibly

Similar changes

occur in the tomato fruit through enzymatic reactions.

possibility must, however, be tested in further research.

This
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SUMMARY

The composition of tomato fruit at nine different stages of maturity
was studied.

The dry matter content decreased

soluble material
decreased

gradually,

whereas the alcohol

and non- protein nitrogen increased with ripening.

up to the large green stage and then increased

Total nitrogen

during ripening.

accumulated until nearly the large green stage and then diminished rapidly.
the two components oLstarch,

amylose decreased

during ripening.

the amino acids, glutamic acid was present in an exceptionally

concentration

doubled as the fruit ripened.

tomato

is discussed.

Among

high co ncentration,

A concomitant decrease

of several other amino acids was noted.

acids serving as precursors

Of

much faster than amylopectin,

and the ratios of amylopectin and amylose thus increased

and its concentration

Starch

The possibllily

in the

of amino

for the synthesis of volatile aroma components

ln

PART TWO

ENZY?;IATIC PRODUCTION OF VOLATILE COMPONENTS FROM AMINO ACIDS
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INTRODUCTION

Flavor is usually considered
non-volatile
mostly

as being composed of two parts:

and the volatile components.

acids and sugars,

The non-volatile

the

components consist of

whereas the volatile components or aromas· are goner .ally

composed of compounds such as alcohols,

aldehydes,

It is

ketones, and esters.

known that foods depend for their flavor on fuese components.
Flavor chemistry
a few decades of history.

is a rather young branch of science , with perhaps only
White (1950), Thompson (1951), Thompson and Huelin

(1951), and Huelin (1952) investigated
several

acids, alcohols,

found n-caproic

carbonyls,

the volatile products of apples and identified
and esters in the fruit.

acid to be the major steam distillable

Mattick et al. (1958)

acid of apple sauce.

Woodmansee et al. (1959) noted some chemical changes associated

with the ripen-

ing of fruit and showed that the 70 per cent alcohol insoluble solids decreased
consider.ably during ripening of apples and tomatoes.
investigated

the influence o{ ripeness

Villarreal

et al. (1960)

stage on organic acids in tomatoes.

showed citric acid to be the major organic acid ,
of the total organic acids, and that it decreased

They

cootributlng 73 to 80 per cent

rapidly during ripening.

Studies of the volatile components in foods was hindered by the limited
methodology available.

Remarkable

progress

the introduction of gas-liquid chromatography
Corse,

1956). As a result of this development,

appe ared in the literature

bas been made, however, since

to flavor chemistry (Dimick and
a large number of reports have

during the past few years,

dealing with studies on many
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kinds of fruit and vegetables (Zeatkis and Sivetz, 1960; Shallenberger
Gold and Wilson , 1963; McCarthy et al.,

et al.,

1963; Jennings and Creveling,

1962;

1963;

MacGregor ct al. , 1964 ; Lim and Romani, 1964 ; .Rodin et al. , 1965).
Des pi tc the numerous reports
isolation and identification

found in the li1:erature concerning the

of volatile components in foods, comparatively

is !mown about the precursors

which give rise to these aromas.

also meager concerning the biosyntbes is of aroma compounds.
considerable

little

Info1•mation is
Nevertheless,

effort bas been made in this area, and there are several reports
inleresting

which appear to be extremely

in this respect.

and Proctor ( 1961) reported changes in the concentration
stituents of bananas during ripening,
l.ncrease in ethanol in the over-ripe
sition of sugar.

A regeneration

storage,

For example,

of some volatile con-

and processing.

They found a great

fruit, and attributed this to anaerobic decompo-

of the banana odor in heat-processed

by a crude enzyme extract prepared

Hultin

banana puree

from the pulp was then demonstrated,

and

pyruvic acid, valine, and oleic acid were shown to be the banana aroma precursors

(Hultin and Proctor,

showed that the characteristic
of acetic, proplonlc,

1962).

r.IcCarthy et al. (1963), on the other hand,

"banana-like"

flavor was due to the amyl esters

and butyric acids.

The role of enzymes in food flavors was first noted by Hewitt et al.
( 1956). They demonstrated

that the typical odor and taste of watercress

regained within a few minutes when a tasteless,

was

odorless enzyme preparation

from white mustard seeds was added to the dehydrated flavorless watercress
water.

Mackay and Hewitt (195!1) conducted an experiment

in

in which flavor enzymes
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from mustard and cab bage were applied to dehydrated cabbage.
lhe enzyme preparation

They found that

from cabhage caused the release of more mustard oils

than did the enzyme prepa1·ation from mustard.

The mustard oils, which are

Important to cabbage aroma, wer.e not found in u.1>t1·eateddehydrated cabbage .
Schwimmer (1963) , on the other hanrl, reported that flavor of the enzyme-treated
food approached that of the fresh vegetables but was not identical with

processed
it.

He concluded that the addition of enzymes in general tended to over - emphasize

certain notes of the natural flavor.
Regeneration

of flavor by enzymes as reported by these workers was

based upon organoleptic

primarily

panel tests.

No chemical analysis was rcporl:ed.

In~estigation of enzymatic reaction products by ga_s chromatography_wa~
probably first by Weurman (1961).

Dy employing 1his technique,

~tr09uc_!ld

be demonstrated

formation of a number of volatile compounds from a reaction mixture containing
enzymes and some non-volatile

subst1:ates prepared

Winter et al. (1963) separated

from raspberries.

some aroma conatituents

They suggested that the aldehyde might. rosulL from enzymatically
oxidative deearboxylation

of amino acids during the manufacture

from dairy butter.
catalyzed
of butte1·. Jn

support of this hypothesis were tracer studies reported by Dutra et al . (1959)
that part of the ethann! (acetaldehyde) present in evaporated milk did originate
from alanine.

Association of some other amino acids with volatile components

of foocls has also been suggested by other workers (Herz, 1960; Bailey et al. ,
1962; Rohan, 1964).
particularly

aromatic,

Herz (1960) i·eported observation

of a variety of aromas,

when amino acids were reacted with glucose in simple,

the
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two component systems.

He attributed the aroma production to the Strecker

degradittion of the a.mino acids.
Some related observations

were made from studies on onion flavors.

Kupieck.i and Virtanen (1960) and Schwimmer et al. (1960; 1961) and Schwimmer
and Mazelis ( 1963) repeatedly demonstrated
protein fraction prepared from onion.

the occurrence

of alllinase,

a soluble

The enzyme was shown to be specific in

the cleavage of S-alkyl cysteine sulphoxides to yield ammonia, pyruvic acid, and
alkyl alkane thiosulfinates

according to the following reaction:

The pyruvic acid thus developed could serve as a measure of pungency of onion
(Schwimmer and Weston, 1961).

Determination of pyruvic acid in freshly pre-

pared onion juice was shown to constitute a convenient method of estimating at
least one aspect of onion aroma (Schwimmer and Guadagni, 1962). The enzyme
and the precursor

substrate

survived processing (Schwimmer et al., 1963).

In addition to amino acids, sugars may equally be important lo serving

as aroma precursors.
relationship

This is understandable,

considering

the fact that a close

exists between sugars and amino acids in their metabolic pathways.

The observation of the presence
and volatile components increased
discussed in Part One.

of similarity

in the patterns

in concentrations

with which sugars

has been reported and

Evidence has been shown for the conversion of labeled

fructose and glucose to glutamic acid, aspartic acid, and several other organic
acids in strawberries

detached fro m the plant (Markabis and Embs, 1964).
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Because of its importance

as a vegetable,

cons idere d as one of the major agricultural
studies on the physiological , nutritional,
tomato fruit have bet' n numerous,
of recent date.

the tomato has been

crops in many countries.

and biochemical characteristics

from fresh ripe tomatoes.

nique, they demonstrated

Using gas chromatographic

are
of an
tech-

the isolation and the identification of several volatile

compounds, including nine alcohols,
From the benz.ene extracts

four aldehydes,

and two esters.

Dalal (1965) identified both in greenhouse and

in field-grown tomatoes four alcohols (2-methyl-1-propanol,
and 2-methyl-3-bexanol),

benzenecarbonal,

of

thoso concerned with aroma chemistry

Pyne and Wick (1965) developed methods for preparation

odor concentrate

1-hexanol,

While

four aldehydes (3-methylbutanal,

and 2-furancarbonal),

rate , isopentyl iso)lalorate,

3-methyl-1-butanol,
hexanal,

and 5 este1·s (isopentyl acetate,

n-butyl hexanoate,

n-hexyl hex:moate), and one hydro-

ca rbon . He reported that except for 3-methylbutanal
trations of all aroma components increased

isopentyl buty-

and 1-hexanol,

with growth stages.

the concen-

3-Methylbutaoal

and 1-hexanol reached their highest concenn•ations at the breaker and large green
stage, respectively.
components decreased

Beyond these stages,
gradually.

the concentration

Following the diminution of these compounds

at the later stages of maturity there was an increase
The acid and alcohol portions of some of the esters
i.e.,

3-methyl-butanolc

of each of these

in amount of some esters.
had the structures

acid and 3-methyl- l-butanol.

in common,

Because of their similarity

in st:ructures,

these compounds might have been derived from 3-methylbutanal.

Furthermore,

it seems possible that the amino acid leucine might be serving as
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the precurso!'

fol' the biosynthesis

abundant in the greenhouse-grown

of 3- methylbutanal,

which was found to be

tomatoes.
has been elucidated

The pathways of leucine metabolism

by seve!'al

workers (Coon and Gurin, 1949; Coon, 1950; Bachhawat et al. , 1955).

Isovaleryl

Co A is obtained from loucine as one of the pro ducts of its catabolism

according

to the following scheme:

CH -CH-CH 2 -CH•COOH--+
3
• I
I
CII
NH
3
2
Leucine

It has been suggested

o<- ketoisocaproic

CH -CH-CH
3

I

2

-C-COOH~

CH
3

ff

acid and isovaleryl

3I

0

acid

is an intermediate

Co A (Meister,

2

II

CH
3

cl..- Ketoisocaproic
that 3-methylbutanal

CH -CH-CH -C-SCo A
0

Isovaleryl

Co A

bet,..,-een

1965).

While the mechanism

from leucine is still unknown (Melstel',

1965),

of the biosynthesis

of 3-mothylbutanal

that such reactions

can take place in some living tissues has been shown cxperi-

mentally (MacLeod and Morgan,
The presence
strated

1956; Foller and Feist,

of 3-methylbutanal

in tomatoes

by Pyne and Wick ( 1965), a.nd was confirmed

1962).
was tentatively

by Dalal (1965).

demonThe suggestion

was made that the aldehyde inight play an· important -role in the production of other
aroma components in tho fruit (Dalal, 1965).
centration
this thesis.

o( non-protein
Determination

of leucine in the fruit,

A considerable

increase

in the con-

nitrogen during ripening has been shown in Part One of
of amino acids in tomatoes has revealed the presence

the amo unt of which decreases

with increased

maturity of

the fruit (Table 1), Some of lhe other amino acids also showed the same trend.
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In view of these findings,

it was suspected

of leucine to 3-mothylbutanal

that 1·eactions involving the conversion

might be operative

in tomatoes . Similar reactions

may take place for some other amino ttcids also, giving rise to the respective
aroma components.
investigating

The presen t study was undertaken

these possibilities.

with the objective of
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EXPERIJ\'1ENTAL

Material
Tomatoes,

variety:

v.

R. Moscow, grown both in the greenhouse and

in the field were employed in this work.
stages of maturity and classified
this thesis.

The fruit was harvested at various

into nine categories

Unless otherwise stated,

as described in Part One of

freshly picked tomatoes were used in all

the experiments.

Preparation

of crude enzyme extract

A hundred grams of sample fruit were blended in the cold for 1 minute
in a Waring blendor cont.a.ining 100 ml. of 0. !M Tris-HCl

buffer 6( pH 8. 4. The

slurry was further ground In a cold mortar wHh sand for 2- 3 minutes.
mixture was then strained

through four layers of cheesecloth and centrifuged at

3, 000 x g for 8 minutes to remove the debris and cell fragments.
was used as a crude extract.
was rcccntrifuged

For preparation

at 12, 000 x g for 10 minutes.

of mitochondria,

the supernatant

The supernatant
the crude extract

The precipitates

in 0. lM Tris - HC l buffer of pH 8. 4 and used as mitochondrial
som e experiments

This

were suspended

preparations.

from this latter centrifugation

was also tested

for enzymatic acti'7ities.

Protein determination
The protein concentration
according to the procedures

of the various preparations

of Waddell (1956).

was determined

For this purpose,

In

the extract
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was usually diluted 100 fold with 0. 9 per cent NaCl and the diluted mixture was
read in a Beckman DU speclrophotometer

at 215 and 225 rn,u. The saline diluent

solution was used as the blan k. Table 4 shows the protein concentration
extract prepared by the aforementioned

of each

method.

Assav conditions
Preliminary
l. 0 ml. of substrate

em:yme assays were carried out in a test tube containing
solution and 1 ml. of the enzyme extract.

solution was made up of 0.1 M Tris-HCl

buffer of pH 8.4, containing (per ml.)

2. 5 .,U moles of the amino acid to be tested,

1. 14 )l moles of alpha-ketoglutar

acid, and 0. 07 µ mole of pyridoxal phosphate.
by addition of the enzyme preparation
was incubated at 37 C for 5 hours,
th.e incubation period,

The substrate

ic

The enzyme reaction was started

into the substrate

solutlon.

with an occasional agitation.

The mixture
At the end of

1 ml. of 0. 0 L25 per cent 2, 4- dinltrophenylhydrazine

(DNPH) in 2N HCl was added (Kachmar and Boyer,

1953). The mixture was

incubated for another 10 minutes at 37 C. Two ml. of distilled water ·were then
added, followed by 5 ml. of 0. 6N NaOH. After standing for about 10 minutes,
the mixture was centrifuged and the absorbance of the supernatant

was deter-

mined at 510 lllJl. A blankCJlns.ist:ingof 2. 0 ml. of the buffer solution was carried
through the same procedure.

Since the substrate

extract both contained substances
the experimental

conditions,

solution and the enzym e

which absorb at the same wavelength under

a zero time treatment

sample mixture in order to minimize errors.

was employed for each

For this purpose,

solution and the enzyme extract were incub ated separately

the substrate

for the same period.

Table 4 . Soluble protein of e nzyme extracts
at vari ous maturity s tages

from greenhouse-grown

tomatoes

Stage of maturi tv

Crude extr act
(ml. /LOO g
fresh sample)

115

Protein cone.
(mg/ml.
extract)

2

3

4

5

6

7

8

9

12::1

151

l 52

164

133

123

l45

137

4. 02

:1.57

3.26

3.36

659

475

401

487

a

4.44

Protein cone.
(mg/100 g fresh
sample)

675

aData not available,

due to different

3.70

507

methods employed .

Table 5. Soluble protein of enzyme extracts
vari ous maturity stages

from field-grown

tomatoes at

Stage of maturity
1

Crudo extract
(ml. /100 g fresh
sample)
1:14

2

3

4

5

6

7

8

9

139

145

165

160

146

150

150

160

Protein cone.
(mg/ml.
extract)

5.20

4. 84

4. 61

4.5 5

3 . 54

3.08

3.17

3.52

3. 39

Protein coo c.
(mg / 100 g
fresh
s ample)

697

673

682

751

566

450

476

528

542
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of time , and at the end of incubation, the enzyme extract was pipetted into the
substrate

solulion followed immediately

procedures

by addition of DNPH.

was the same as the sample.

l:rcatment was subtracted
ence was considered

Relative enwmatic

The absorbance

from that of the corresponding

The rest of the

of the zero .time
sample,

a.nd the diHer-

as the net increase due to enzymatic reaction.

activity

Ooe unit of relative enzymatic activity was defined as a net increase
absorbance

in

by a 0. 001 unit in the Beckman DU spectropho tometer per mg.

protein per 5 hours incubation period. In the c ase where the absorbance of a sample
was lower than that of the control , the activity was considered as negative,
a negative sign(-)

and

was placed before the activity unit.

Analysis of reaction products
Enzymatic reaction.

In order

to

investigate

the reaction products,

the

amount of the reaction mixture was increased

10 to 20-fold and the reaction was

allowed to take place in 125-ml.

flasks.

Erlenmeyer

unchHnged. At the end of the experimen t , the reaction

Other conditions remained
mixture was chilled in ice

and 5 ml. of a fresh tungstic acid solution (MacLeod and Morga n , 1956) were
added.

The mixture was centrifuged

in the cold, and the supernatant

was used

for furt her analysis.
Extract ion by ether.
ln 3 portions,
of distilled

and the extracts

water.

The supe r natant was extracted

wlth 20 ml. of e ther

were combi ned and was hed three times with 5 ml.

The ether extract was decolorized

\\1th a small amou nt of
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Norit - A, and lhen dried overnight over anhydrous magnesium sulfate.
filtered

It was

through a small piece of filter paper (Whatman No. 2), and fue filtrate

was condensed by evaporation
gas chromatographic

to about O. 25 ml. and finally used as sample in the

analysis.

Gas chromatography.
(MicroTek Instruments,

A Micro Tek gas chromatograph

Inc . , Baton Houge, La.) was employed for the analysis

of tho volatile components produced in the enzymatic reaction.
were made up of two 10-foot x 0. 25-inch OD stainless
chromosorb

, GC 2500R

The columns

steel tubes packed with

P A/W DMS (60- 80 mesh) coated with 10 per cent carbowax 20 M.

A flame ionization detector
was programmed

was employed in the analysis,

and the temperature

from 75 to 220 0 at a rate of 4 de1:,'rees per minute.

Helium

flow rate was set at 65 cc. per minute.
Thin - layer chromatography
mixture was also investigated
chromatography.

(TLC),

The supornatant

of the reaction

for amino acids by one dimensio na l Lhfa- laycr

The procedures

wore based upon those of Randerath

Silica gel G (purchased from Warner-Chilcott
Calif.) w·<1sused as coating material.

Lab. Inst.

Div.,

Richmond,

The solvent system consisted of 1-butanol/

acetic acid / water (60:20:20, \"/\~). After development,

the plate was dried at

110 C for 10 minutes and sprayed with 5 per cent ninhydrin in acetone.
chromatograms

( 1965).

The

were obtained after heating the plate at 110 C for 10 minutes.

The enzymatic production of carbonyl compounds was further
pt·eparing their 2,4-dinitrophenylhydrazones.
used in the gas chromatography

tested by

A portion of the ether extl'act

was employed for this purpose.

An excess of
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0. 2 per cent 2,4 -dinitTophenylhydraz lne (DNPII) in 2N HCl was added, and
the ether layer separated and evaporated
was added to tho residue to dissolve it.
the TLC analysis.

to dryness.

This chloroform solution was used in

Silica gel G was used as coating material and the sample

was chromatog,.·aphed in bonzono:hexane:chloroform
by volume.

A small amount of CHC1
3

in the proportion of 1:1:1. 5

Thls solvent system has been used in our laboratory and proved to

be satisfactory

for separation

For comparison,

of the 2, 4-ditlltrophenylhydrazones

the solvent system of henzene:ethylacetate

1965) was also used.

of carbonyls.
v/v) (Randerath,

(20:1,

After the development the solvent was evaporated,

and the

Rf value of each of the spots was determined.
Paper chromatography.

Changes in the amino acids during the i·eaction

were also investigated by use of one-dimensional
The procedures

descending chromatography.

were based upon those of Mizell and Simpson (1961).

Quru:ititative determination

of L-glutamic acid.

during tho enzy matic reaction was determined
acid decarboxylase

The glutamic acid produced

manometrioally

using L-glutamio

(purchased from Nutritional Biochem. Co., Cleveland, Ohio).

The methods of Gunsalus and Stamer (1955), and also of Cohen (1955) were employed.
Calculation of the glutamic acid content was made acc.'Ording to the method of
Cohen (1955),

Samples used for this determination

The residues from ether extract,

were prepared

as follows.

as sho\\11 in "extraction by ether" above, and

the washings were combined and freed from ether by evaporation on the waterbatJL They wei·e then centrifuged and the supernatant
pressure

with a Rota.vapor to 2-3 ml.

was condensed under reduced

This residue was transferred

to a 10 - ml.
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volumetric

nask,

following the adjustment

and made up to volume with distilled
for the glutamlc acid determination

of its pH value to 5. O (Cohen, 1955),

water.

Ai ml. aliquot was used as sample

in a Gilson respirometer.

Use of labelled amino acids
Enzymatic reactions

and the extraction

of the reaction

labelled

(l4 tj-L-leucine

L-alanine

(specific activity , 111 millicurics / millimole)

substrate

in the enzymatic

as carriers.

(specific activity,

reaction.

Uniformly
14
and (

248 millicurles/millimole)

were used separately

The conditions employed in the incubation and the subsequent

reaction .mixtures

were partly saturated

previously.

water.

Tb.e

and

was separated,

The benzene phase containing

washed thoroughly with distilled

to dryness in an evaporating dish.

and then evaporated

treat-

An excess of 0. 2 per cent 2,4-dinitrophenylhydrazine

solution in 2N IICl was added to the benzene extract.
the hydrazone derivatives

as

with · ammonium sulfate and then

ext racte d with benzene (Data!, 196'5). Tlie benzene foyer ·wa·s separated
washed with distilled

cJ-

Unlabelled leucine and alanine were added

ment with tungstic acid solution were the same as described
resulting

mixture.

in a small amount of chloroform

The residue

water,

was taken up

and used as a sample in the thin layer chroma-

tography.
Radioactivity.
was chromatographod
After development

Silica gel G was used as coating material
in benzene:hexane:chloroform

the solvent was evaporated,

from the plate and placed into liquid scintillation
scintillation

solution (Snyder,

as described

and the sample
previously.

and the yellow zones were scraped
counting vials.

1964) were added to each vial.

Twenty ml . of

The vials were well

39
shaken, and counting was performed
photometer,

in a Tri-Carb

Model 527 (Packard Instr.

liquid scintillation

spectro-

Co. , Inc. , Downers Grave, Ill.),

Spots

serving as blanks were scraped from the TLC plates and treated in the same way.
The counts of the bianks were subtracted

from those of the samples.
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RESULTS
Soluble protein
Enzyme extracts prepared

by the afore-mentioned

about 3 to 5 mg. of soluble protein per ml. extract,
maturity stages.
concentration

When expressed

decreased

method contained

depending upon the different

as mg. protein per ml. extract,

the protein

with maturity of the fruit until at the breaker stage,

and then Increased slightly during ripening (Tables 4 and 5). Because the quantity
of crude extract obtained by the present method differed from stage to stage, the
protein concentration

became the highest at the fourth stage, if lt is expressed

as mg. soluble protein per 100 grams fresh fruit, as ,shovm in the tables . In
general,

extracts

from green tomatoes were higher in protein concentration

than

those from r ipening fruit.

Investigation of enzymatic activity
Leucinel as a substrate.

A preliminary

experiment

investigate whether or not the enzyme preparation
the amino acid leucine to carbonyl compounds.

was carried out to

had activity in converting ·

For this purpose,

an enzyme

extract from the greenhouse - grown tomatoes at the large green stage was used.
A series of experiments
activity.

revealed that the preparation

appeared to have that

Table 6 shows some results obtained in the preliminary

In the absence of enzymes,
ketoglutaric

experiment.

the absorbance of a mixture containing alpha-

acid and pyridoxal phosphate was higher than that of another mixture
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Table 6. Absorbance of various reagents with and without addition of enzyme
extract Crom greenhouse-grown tomatoesa
Absorbance
No enzyme
With enzyme

Composition

P.,[M Tris-HCl

buffer

Difference

0

0. 159

0. 159

Leucin e

o.002

0. 160

o. 158

d. - Ketoglutaric acid

0.06 8

0.219

0. 151

Pyridoxal phosphate

0. 123

0.246

0. 123

Leucine + d...-Ketoglutaric acid

0.073

0.224

0.151

Leucine + Pyridoxal
phosphate

0. 128

0. 247

o. 119

Pyridoxal phosphate

0. 185

0.284

0.099

Leucine + d...-Keto glutarlc acid +
Pyridoxal phosphate

0. 172

0.296

0.124

o<.- Ketoglu taric acid +

a

The enzyme extract was prepared from greenhouse-grown tomatoes at the
fifth stage (large green) and contained 3. 47 mg. protein per ml. Incubation
was conducted at 37 C for 3 hours.

in which leucine was supplemented.

In the presence

latter mixture gave a higher absorbance,

of enzymes,

with a net increase

however,

the

in reading of O. 025

OD units.
A further indication that the enzyme preparation
converting

leucinc to carbonyls was demonstrated

effect ,0f the incubation time on absorbance
preparations

in experiments

was studied.

showed different rates of activity,

might have activity in
in which the

Although different

an iucrease

in . incubation

'
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time generally resulted in higher absorbance readings and hence a higher enzymatic
as shown in Figure 5. Under the experimental

activity,

conditions,

period of 4 to 6 hours appeared to give the highest activity.
therefore,

an incubation

A 5 hour period was,

employed for incubation in the following experiments.

Figure 5 also

indicates that the enzymatic reaction belongs to zero order up to the first hour of
incubation.
Response of other amino acids.

Following the results obtained with

leucine, a further experiment was carried out to study some other amino acids in
their response

to enzymes.

The results

are presented

in Table 7. As seen from

the table, different amino acids behaved in different ways.

Addition of some amino

acids resulted in lower absorbance than that of the control,

whereas that of others

showed no response.

Besides leucine, two amino acids almost invariably gave

increased absorbance.

They were alanine and aspartic

ments showed that their net increase in absorbance

acid.

was often much greater than

that of leucine . Isoleucine and valine, although structurally
did not behave like leucine.
often lower than the control.

Repeated experi-

similar

to leucine,

With these two amino acids, the absorbances . were
Based upon these results,

the following studies were

conducted mainly on the three amino acids which gave increased absorbance,
namely, leucine, alanine, and aspartic acid.
the experiments,
ful comparison

because it was considered

Valine was included in some of
that the results

might provide a use-

with those of leucine.

Effect of preparations
enzymatic activity.

from tomatoes of different maturity stages on

Enzyme preparations

stages showed different activities

from tomatoes of different maturity

in converting ami no acids to carbonyl compounds.
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Effect of time on enzymatic activity of tomato extracts
leucine to carbonyl compounds.

to convert
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Table 7. Response of amino acids to enzyme preparations
Response of amino acids
Negativeb

Alanine

Glutamic acid

Aspartic acid

Glycine

Leu cine

Isoleucine

Valine ( ?)

Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine

a
bAmino acids which resulted :in inc r ease.d : absoi:ba.nce ·comp(U'ed .'tin blank.
Amino acids which resulted in decreased absorbance or no change compared
to blank.

As shown in Figure 6, activities were low for extracts
fruit developed, enzymatic activities
is true especially

from young fruit.

appeared to increase gradually.

for alanine and leucine.

As the

This trend

For these two amino acids, the

activities

attained their peaks at the seventh or the pink stage, followed by a

decline.

In contrast to these two amino acids, no clear-cut

enzymatic activities
acid and vallne.

pattern in changes of

with growth stages of the fruit was observed for aspartic

For aspartic

acid, the highest activity was found at the fifth stage;
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Figure 6.

Enzymatic conversion of amino acids to carbonyl compounds by
crude extracts from ficld-gTown tomatoes at various stages of
maturity.
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the activity decreased

during ripening

at the red ripe stage.

of- the fruit, and practically

For valine, the response

most cases the absorbance

disappeared

was rather exceptional:

in

turned out to be lower than that of the control, thus

giving negative enzymatic activity as defined before.

Comparison of enzymatic activities of
extracts from field-grown and green house-grown tomatoes
Several preparations
tomatoes were compared
Table 8. No significant
regantless

from the greenhouse-grown

foi:' their activities.

The results

ence in activities between the two preparations

preparations

are shown in

activity was found when valine was used as substrate,

of the source of enz y me preparations.

both alanine and leucine,

and the field-grown

however,

For aspartic

acid , the differ-

did not appear to be marked.

the activities

were considerably

With

higher for the

from the field-grown tomatoes than for those from the greenhouse-

grown tomatoes.

Identification of enzymatic reaction products
The results
extracts
acids.

obtained in the previous experiments

suggested that tomato

could produce certain carbonyl compounds in the presence
This was demonstrated

of hydrazone derivatives.

by addition of DNPH which resulted

of some amino
in the formation

Nothing was known as to which carbonyl compounds

had been produced during the reactions.

There was also the possibility

that in

addition to carbonyls some other compounds might be present as the reaction
products . In order to study the reaction products,

experiments

were designed in
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Table 8. Comparison of enzymatic activities
and g'I'ee nhouse - grown tomatoes

of extracts

from field-grown

Rc lati ve enzl'.matic activitl'.
Substrate
Source of
preparation

::lta ge of
maturity

Alan ine

5

25

13

11

2

6

25

4

16

-6

7

34

9

23

1

8

19

3

19

-2

9

12

0

19

5

Field-grow n
tomatoes

Gr ee nhouse-gro~~
tomatoes

5

Aspartic
acid

a

Valine

10
3

6

a

Leuci.ne·1

7

10

-2

s

0

8

25

5

13

-2

9

3

6

1l

0

.

Data not a vail able .

which the amount of the ingredients in the reaction mixture was increased to 10

to 20 - fold.

'I'he reaction was allowed to proceed at 37 C for 5 hours in 125-ml. .

Erlenmeyer

flasks.

At the end of the incubation period, the reaction was stopped

by addition of tungstic acid solution as mentioned before.
in the substrate

To study the changes

amino acids, (he mixture was centrifuged and the supernatant
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was used as a sample.
reaction

For investigation

mlxtu t·e was extracted

of the volatile components,

with diethyl ether and the ether extract condensed

before being subjected to further analysis,
Gas chromatography.

as described in the experimental

Chromatoi.'rams

and also with the enzyme preparations.

methods.

of the ether extracts of the reaction

mixtures differed with the amino acid used as substrate,

the incubation period,

The latter appeared to be the most signi-

ficant factor in affecting chromatograms.
in the chromatogram

the

No appreciable

difference was observed

patterns with different amino acids if enzyme preparations

were omitted ln the original reaction mixtures.

Differences in the chromatograms

can, therefo re , IJe consirlt'red 10 be dti-e to enzymatic ·renctions.
Pr ep aratio ns from gr eenh ouse- gron>n tomatoes . Typical chromatograms
resulting from the extract of the reaction mixture which contained leucine and
enzymes from greenhouse-grown
7B.

tomatoes of red ripe stage are shown in Figure

The enzymes used in this particular

obtained in the preparation
of the ingredients

experiment

of mitochondria.

were the superna~anf.

The control,

which contained all

except leucine , gave but a small peak (2) as shovm in Figure 7A.

Other mixtures containing alanine,

aspart ic acid, and valine, respectively,

resulted In chroma tograns similar

to those of the control (Figure 7A).

Of the three peaks shown in Figure 7B, peak l was tentatively identified
to be 3-methylbutanal.

This was demonstrated

by use of an authentic sample and

compared the retention time in the gas chromatograph
column with those of the leucine-treated

sample.

and the temperature

Finally,

of the

by employing the enrich-

ment technique, in which a portion of the authentic compound was mixed with a
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portion of the sample in ques tion and the mixture was subjected to chromatography,
only one peak was observed .
'l'he second peak (peak 2, Figure 7l:I) was found to be an alcohol.

.,..:,st NH1ily shown

by e mploying the me thod of Iked a et aJ. (1964).

This

In this method

boric au id is mixed with the liquid pha.sc and pl.aced in a short column between the
regular

column and the detector . This selectively

removes primary and secondary

alcohols . On passing the sample through these columns , the resulting chromatograms showed disappearance
unchanged.

of the original peak 2, while the others remained

From the retention time, the-alcohol represented

lated to be 3-methyl-1 - butanol.
ment technique mentioned before:

This was subsequently

by peak 2 was postu-

confirmed by the enrich-

when an authentic sample of 3-methyl-1-butanol

was mixed with a portion of the sample extract and the resulting mixture subjected
to chromatography

the peak coincided with each other.

Peak 3 (Figure 7B) might be an est.er.

All chromatograms

of various

reaction mixtm:ea did not show this peak, and an attempt to confirm this compound was not successful.
A marked difference
preparations

in chromatograms

from young green tomatoes.

were kindly given by Dr. M. Martin,

particular

experiment

Their maturity stages

their variety was not definitely known.

the results were rather surprising.

leucine gave the same chromatograms

found with

The tomatoes used in this experiment

USDA collaborator.

belonged to about 2 to 3, but, unfortunately,
Nevertheless,

was accidentally

All amino ac ids except

as the control.

The control used in this

was a zero time trJxture containing loucine as subotrate.,
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It is interesting

that only the reaction mixture containing leucine that was

incubated for 5 hours gave a conspicuous peak, as is shown in Figure BC. The
other mixtures each containing a different substrate

amino acid gave the same

as the control shown in Figure BA.

chromatograms

The formation of a new product from leucine by this preparation

was

further confirmed by the results obtained from a subsequent experiment.
experiment,

In this

the synthesis of the compound was traced at 0, 1, 2, 4, and 5 hours

incubation periods.

Each of the reaction mixtures

ether and finally subjected to gas chromatography
chromatograms

did not differ appreciably

was extracted
as before.

for those reaction

with die'thyl

The resulting
mixtures incubated

for 1 and 2 hours wlien compared with those obtained with the control or the zero· ·
tim .e treatment (Figure BA). Peak 1 approximately
mixture was incubated for 4 hours.

doubled I.ts size when the

However, the ether extract from the reaction

mixture incubated for 5 hours again resulted in a much bigger peak than all the others,
as shown in both Figures BB and SC.
The compound represented
(propionaldehyde).

The identification

by peak 1, Figure 8, was found to be propanal
of this compound was based upon the follow-

ing:
i)

By the method of Ikeda et al. (1964) it was found not to be an alcohol.

Ii)

Separate peaks were obtained when an authentic sample of 3-methyl-

butanal was employed in the enrichment technique.
iii)

extremely

The retention time and the temperature
similar

of the chromatogram

to those of the authentic compound propanal.

were
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Figure 8.

Pro duct ion of propanaJ from L - leuci nc by enzyme extracts
greenh ouse-grown tomatoes (2- 3 stages).

from

~eaction mixtures containing L-leucine as substrate and incubated
for 1, 2 hours, oi· those containing alanine, aspartic acid, and valine, and
incubated for 5 hours all resulted in tho same chromato1,Tams.
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Iv) By employing the enrichment

technique using authentic sample,

only one peak was obtained . This proc edure was repeated twice : first,
1 pi. e ach of the a.uthentic sample and the unknown sample; secondly,
.ul. of the unknown sample and 0. 5 µI. of the authentic sample.

the chromatogram

with

with 3. 5

In both cases,

was the same; only a very sharp peak was obtained .

v) On passing the mixture described in iv ) through the columns described
by Ikeda et al. (1964), the resulting

chromatogram

remained unchanged:

only one

peak was obtained .
vi) Finall y, by making the hydrazone derivative

using DNPH and running

thin-laye r chromatography , the Rf values of the two samples,
matched with each o1her : hydrazone of authentic propanal,

authentic and unknown,

0. 63; hydrazone of the

sample , 0. 63.
The production of 3-mettiylbutanal
was confirmed us ing (
'

14

c)- L- leucine.
,

from L-leuc!ne by enzyme extracts

When TLC chromatograms

were compared with those of the control, enlargement

of the sample

of some spots was observed.

The si ze of one of these spots was markedly increased , The compound represented
by this spot was found to be 3- methylbutanal . The Rf value was similar
the known sample . By employing the enrichment

to that of

technique , the corresponding

spot

ove r lapped , as shown in Figure 9. Thi s phenome non was found to be true when a
diffe r ent solvent system (benzene: ethylacetate , 20:l by volume) was used in the TLC
analysis.

The results

of the radioactivity

The highest radioactivity

determination

are also shown in Figure 9.

was found to be in the spot representing

giving a net counting of 170 cpm.

The presence

3-methylbutanal,

of propanal was also noted in the

1

2

3
4

5

4A 11
BC

4

D

~E

fF

t

1I

G

170

Figure 9.

l14c}labeled

2,4-dinitrophenylhydrazones
treated reaction mixtures.

froml

u~<;J-L-.leucloe

The derivatives were separated by thin-layer chromatography in a
solvent system of benzene:hexane:chloroform,
1:1:1. 5. Enzyme
extracts from greenhouse-grown tomatoes (large green stage) were
incubated with 30 microcuries of 4CJ_L- leucine for 5 hours.
Spot no. 1:autbentlc propanal; 2:3,methylbutanal; 3: (14cJ- L- leucine
treated sample; 4: propanal and sample; 5: 3,-methylbutanal and
sample. The counts per minute (net) shown on lhe bottom strip
represent the radioactivity assayed for the sample (no. 3 spot)
in a liquid scintillation spectrophotometer.
The highest radioactivity
was found in the spot (H), identified as 3-methylbutanal.
The background was 211 epm.

f
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chromatogram.

This was subsequently confirmed by the enrichment technique,

as shown in spot nos. 1 and 4 of the chromatograms.

The radioactivity

was

much lower than that of 3-methylbutanal.
Fib'UrC 10 shows the TLC chromatograms
as substrate

ln the en.zymic r eac tion.

of both 3- methylbutanal

obtained using (

Spots corresponding

and propanal were detected,

activity was observed in either spot . An extremely

4

c)-L-alanine

to the DNPH derivatives

but no appreciable
high radioactivity

radio(1270 cpm,

net) was observed in a spot whose Rf value was much lower than that of either
propanal or 3-metbylbutanal.
a derivative

of pyruvate.

The Rf value of this spot corresponded

Entichment

known and unknown samples,
Preparations

in an overlapping of the

as shown in spot nos. 1 and 5 of the figure.

from field-grown tomatoes.

carried out in order to investigate
grown tomatoes.

t.cchnique resulted

to that of

Several experiments

were

the reaction products further , using the field-

Again, the chromatograms

varied with enzyme preparations

and the individual amino acid used as substrate.
Figure 11 shows the. results
red ripe tomatoes .
reactions

obtained using crude preparations

of

Four distinct peaks were given as a result of the enzymatic

when leucine,

alanine,

and ,,aline were used separately

Asparatic acid was the only exception,

as substrate.

resulting in two much smaller

peaks.

On passing through the boric acid column (Ikeda et al. , 1964), most
of the compounds produced by those amino acids except alanine were removed,
indicating that they were alcohols (Figure ll(A)

· 1:a· (D)). &>,\rprisipgly,

the

chromiltob'I'ams obtained from the reaction mixture which contained alanine did

56

@

1

@

2

@

3

Figure 10.

(

-

4

~

@00

5

0-"',,0~

@OG

-

14
c}labeled 2, 4-dinitrophcnylhydrazones
treated reaction mixtures.

4
fromc1 cJ-L - alan!ne-

The derivatives were separated by thin-layer chromatography in a
solvent system of benzene:hexane:chloroform,
1:1:1. 5 by volume.
Enzyme extracts from greenhouse-grown tomatoes (large green
stage) were incubated with 50 microcuries of the amino acid for
5 hours. Spot no. l:authentic pyruvate; 2:authentic propanal;
3:authentic 3, -methylbutanal; 4f4C)- L-aliuli1ie·..tt·e.atet1.si1mµle;
5:authenlic pyruvate and (14c) -L-alanine treated sample. The
counts per minute (net) shown on the bottom strip represent the
radioactivity assayed for the sample (no. 4 spot) in a liquid
scintillation spectrophotometer.
The background was 36 cpm.
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not change appreciably even after treatment of the ether extract with boric
acid . This would mean that most of the peaks represent
pounds or esters.

either carbonyl com-

One of the peaks whlc h remained after treatment with boric

acid had tho same retention time and temperatu l'e as those of propanal.
was further confirmed by the enrichment
lapped on chromatographing

technique:

This

peak 2 in Figure 9.lC over-

the mixture made up of part of the sample in question

and part of the authentic sample of propanal.
l1:11
·experiment

,vas carri

er: out in which en7.ymes were prepared from tomatoes

at the la1·ge green stage which had been stored for some time before use.
chromatograms

obtained from this experiment

marked difference

in the same reaction mixture,
chromatograms.
the resulting
treatment.

are shown in Figure 12A. No

was observed in the chromatograms

when each of these was present alone.

The

"''ith different amino acids

When two amino acids were added together

however, a significant difference was noted in the

With tho combination of leucine-alanine,

and leucine-vallne,

ch1•omatograrns showed the formation of a new compound for each
For the reaction mixture containing leucine and valine, the concentration

of the resulting new compound was extremely high, as shown in the figure.
The chromatograms

obtained after treatment of the ether extract with

boric acid column arc shown in Figure 19B. The results
peak commonly found in the original chromatograms

showed that tho first

(Figure 12A) was an alcohol.

However, the two peaks resulting from the combined use of leucine and alanine
or leucine and valine were not removed by boric acid.

This suggests the formation
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Production of vol atile components from amino acids by crude
preparations from field-grown tomatoes at the red ripe stage.
A through Dare chromatograms obt.'lined using carbowax 20 M
column, whereas (A) thro ugh (D) using carbowax 20 :\aland boric
acid columns . The amino acid shown in each chromatogram is
that used as substrate.
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prepar atio ns fa•om f ield -gro wn tomatoes at the large green stage.
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of either a carbonyl or an ester.

The 1·etentlon time and temperature

peak obtained by use of leucine and alanine wer e similar

for the

to those of propanal

previously id entified.

~ua lit at1V€ al\.f.1.0:S
is of ethanal (acetaldeb yde)
Spence r and Stanley ( 1954 ) and Matthews (1961) reported

the presence

It was suspected that this aldehyde might be formed as a

of ethanal in tomatoes.

reaction product in the metabolism of alanine.

Qualitative analysis was, therefore,

performed in order to detect the production of this compound during the incubation
period as well as at the end of the reaction.

Tho analysis was made for the

reaction of mixtures containing alanine as substrate
all of the int,Tedients except the amino acid.

and the blank which contained

The procedures

employed in this

e xperiment were based upon Feig\ (19 56).
In order to detect the compound in the vapor produced during the incubation period , the exp er lme nl was designed in such a way that a small hole was
made tlrrough. the stopper of the flask containing the reaction mixture.

A piece

of filte r paper wetted with the specific reagent was placed on the stopper to cove1·
the hole.

Upon contact with the vapor of ethanal,

a characteristic

bluish violet color.

the filter paper would be stained

For the detection of cthanal in the reaction

mixtur e, the technique of a spot test was employed.
both of these experiments

failed to detect the presence of othanal . Using an

authentic sample of ethanal,
gave the characteristic

The results obtained from

the filter paper wetted with the reagent immediately

color upon contact with the vapor .
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Thin-Layer

chromatography

In ord er to inve stigate changes in the amino acids used as substrates,
chromato ;;r am s were r un using the reaction mixtures each containing the individual amino acid . As shown in Figure 13, the spot characteristic

of each amino

acid beca me apprecial, ly sm a ller than that of the control in which enz.yme prepa1•ations were omitted.
mixtures

At the same time, it was found that for those ·reactlon

in which enzymes were added, there was another spot which appeared

to be bigger than that of the control in which no substrate

amino acid was added.

This spot had deeper color than that of the control,

A subsequent experi-

also.

ment showed this latter spot to be glutamic acid.
Although the separation

of each amino acid by the procedure used was

not very satisfactory , because of overlapping spots, it appeared that in the
presence of enzyme preparations,
utilized to some extent.
acid present.

each of the substrate

amino acids had been

The extent of utilization was dependent upon the amino

On the other hand, production of glutamlc acid was obvious.

More-

over, it seemed that the increase in the siz.e and color of the spot representing
glutami c acid was related
representing

to the decrease

in the size and color of the spot

the originally added amino acid.

Paper chromatography
For the purpose of confirming the findings made in the thin-layer
chromatography,

a subsequent experiment

was carried out to analyze the amino
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acids by paper chromatography.
layer chromatography

The same reaction

were applied on the paper,

from 10 µl. to 50 ftl. for each sample.
were still not very satisfactory.

but the aliquot was increased

The results

Identification

mixtures used in the thin-

appeared to be better,

was rather difficult, due to the

of some amino acids in the en?-yme extract

presence

obscure the chromatograms
of the mitochondrial

in question.

preparation

itself, which tended to

It was then hypothesized that the use

instead of the soluble extract might eliminate

most of the amino acids accompanying the preparation.
successful.

stance ;, , and only small amounts of aspartic
to be in ttie preparat ions.
as substrates

acid and glutamic acid were found

in the individual substrate

and an increase in glutamic acid on the other.

glutamlc acid.

sub-

The reaction mixtures containing added amino acids

clearly showed a decrease

used as substrates,

This procedure change was

mixtures contained much less of the interfering

The resulting

but

aspartic

on one hand,

Among the different amino acids

acid was found to be most important in producing

The Rf values of the authentic glutamlc acid and that formed

through enzymatic reactions

Enzymatic determination

were both 0. 30.

of glutamic acid

The results obtained from the manometric
by use of glutamic acid decarboxylasc

determination

of glutamic acid

have further confirmed the findings described

above that glutamlc auid was among the products formed in the original enzymatic
reaction mixtures.

Jn Table 9 are presented the da ta obtained from reaction

mixtLtres using: preparations
maturity.

from the field-grown tomatoes at the fifth stage of

As seen in the table the addition of as par tic acid alone as substrate

Table 9.

Enzymatic production of glutamic acid by tomato extracts
field-grown tomatoes at the fifth (large green) stage

from

Substrate

Amino acid
added
(/.( mole)

Glutamic acid
formed
(p mole)

Ala

Asp

Val

+
Leu

+
b
Leu

25

Ala

Asp

Leu

Val

+
Leu

50

50

50

50

25

8.7a

+

+

+

25

25

25

10.6

6.9

9.6

7.6

3. 7

21. 2

13.4

19.2

15.2

7.4

Ami no acid
converted
(%)

17.4

25

a Correction has been made with respect to the glutamic acid originally
bpresent in the enzyme preparations.
Abbreviations used: Ala, alanine; Asp, aspartic acid; Leu, leucine;
Val, valine.
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resulted in producing tbe highest concentration

of glutamic acid.

More than

20 per cent of this amino acid has been converted during the reaction.
production of glutamlc acid was high.est in amount when aspartic
as substrato

is consistent with the results

That the

acid was used

obtained in both the thin-layer

and the

paper chromatography.
A combination of two amino acids in the same reaction mixture showed
a lessening of glutamic acid formation except when alanine and leucine were added
together.
contrast

The conversion of each amino acid was not necessarily
to this , a mutual interference

additive.

appeared to induce a decrease

of glutamic acid formed during tbe reactions.

In

ln the amount

This appeared to be especially true

with the comhinalion of leucine :mrl :1spartic acid, and leucine and valine.
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DISCUSSION

The presence of 3-methylbutanal

in the tomato fruit has been reported

by several workers (Spencer and Stanley, 1954; Pyne, 1962; Dalal, 1965), According to Dalal (1965), the concentration
as they developed.

of this compound in tomatoes increased

The highest concentration

the fruit; lhe concentration

then decreased

was attained at the breaker stage of

as the fruit ripened.

He suggested

that this compound might play an important role in the production of other volatlle
components In tomatoes.

Occurrence

of the same component in apples has also

been reported (Meigh, 1956). However, little is known as to the origin of this
compound, although Meigb (1956) suggested that it could occur as a by-product of
terpcnc synthesis or catabolis m.
The present study has shown that the amino acid leucine could serve as
a precursor
tomatoes.

for the biosynthesis
Furthermore,

of the aldehyde in the greenhouse-grown

the results

have also revealed that 3-methyl-1-butanol,

which had also been found to be one of the volatile components in tomatoes,
be derive d from lcucine.

The alocbol

conditions,

could

may · well be formed by the reduction of

the aldehyde, after the latter has been produced.
under the present experimental

mature

It is interesting

neither 3-methylbutanal

to note that
nor 3-methyl-

l-butanol was found in the enzymatic reaction products of leucine when enzyme
extracts

from the field-grown tomatoes were employed.

chromatography,

an authentic sample of 3-methylbutanal

In the analysis by gas
was used in the enrich-

ment technique, but a separate peak was always obtained, indici(ting'thc absence
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of this compound in the e the r exlra cl of the reaction mixtures

which contained

e nzy me prep ar atio ns fro m the Hold - gr own tomatoes.
The e vidence obtained fro m gas chromatographic

analysis of the enzymat ic

re action products appears to suggest that the enzyme preparations

from the field -

grown tomatoes were in general more active than t hose from greenhouse grown
tomatoes.

When preparations

from frui ts of apparently

were compared , the chromatograms

the same maturity stages

i'esulf ingfrom enzymes prepared from field -

grown tomatoes obviously showed higher concentrati ons of volatile compo nents tha n
those chromatogra ms given by the preparations
( Figures 'TIBancll l).
photometric

from gr eenhouse - grown tomatoes

This is consisten t wi th the results

obta ined by the spectro-

analysis (Ta ble 8). Results of the gas chromatography

further suggest

that in tho earlier stages of fru it growth, the production of carbon yl compounds
was prior to that of alcohols or esters . The biosynthesis
onl y when the fruit becam e mature and ripo(IF!gure-11).

of alcohols was abundant
It may be for this reason

that the ester s , which apparently are tlle most important components to give the
fruit it s a1·omas , will not ord inar ily be produced until the fruit becomes ripe.
The fact that enzyme preparations
higher in protein concentration

from the green tomatoes were usually

and yet the activities

to convert

am ino acids to

volatil e components wer e much lower compared with those from ripe fruit
(1'' igure 6; Tables 4, 5), may appear somewhat contrad ictory to what was mentioned
above.

This , however, may be explained in light of the following consideration:

for

the produc tion of volatile components from am ino acids many steps are invol ved,
and in each step certain activators

a1·e necessary.

Without these activators

specific enzyma ti c reaction will not procee d. In the cells of young tomatoes,

the
the
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production of these substances

may be low or missing.

ln other words, the

enzymes present in the green tomatoes may not be in the active forms; they
become activated only when there are sufficient amounts of these activating substances which are only produced as the fruit becomes mature .
It is noteworthy that among the amino acids tested only leuclne gave
rise to a volatile component in the reaction mixtures containing enzyme preparations
from fruit of earlier growth (Figure 8). It is equally surprising
should be propaoal.

The presence of this compound in tomatoes had not been

reported until quite recently . l\llc igb and his coworkers

(1966) demonstrated

production of propanal by tomato fr uit tissue in the presence
also reported

that this compound

the

of 1-pro panol.

They

the production of ethanal and acetone from etbanol and 2-metbyl-

1irv1xrnol , respectively.

Propanal appears to be present in most of the enzyme preparations
varying concentrations.
of tomatoes at earlier

Not only was it produced from leucine by preparations
growth stages,

products formed by the preparations
alanine.

It seems,

therefore,

it was also found to be among the reaction
from ripe tomatoes in the presence of

that the aldehyde was a common product that

could be formed by the enzyme preparations
alanine.

The difference

the enzyme extracts

at

in the presence

of either

leucine or

appear.a to be .n the ,n:1turity s t&.gcs of fruit t'rom which

were prepared.

Results obtained from the present study

suggest tbat in tomittoes the enzymes concerned with the conversion of leucine
were activ e at much earlier
stages of maturity,

stages than other amino acids studied.

At later

many other enzymes might become active so that conversion
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of other amino acids becam e possible . By this time certain altorn.a .Uve pathways
for lcucine m ight have become operative.

This could account for the scarcity

in the amount of propanal that was produced by preparations
although the same substrate

leucinc was used (FiguresllA

As shown in Figures llC antl (C),

when the chromatograms

an·.!11(,',)).

the volatile components produced

from alanine in the presence of enzyme extracts
mostly carbonyl compounds and, probably,

of ripe tomatoes

from red ripe tomatoes were

some esters.

obtained from other mixtures

valine were also compared (Figures ll(A) mid (B)).

This is rather striking
containing leucine and

Although the chromatograms

given by use of darbowax 2-0M column were more or less the same for the three
amino acids (Figures 11.A, B, C), results of the second chromatography,

in

which each sample was run through both carbowax 20M and boric acid columns,
have clearly shown that a significant difference exists among the compounds
produced by different amino acids, as shown in Figures 11(1}), (DI, an d (C)
When aspartic
exceptional.

acid was used as substTate,

While in many experiments

the results

were rather

addition of this amino acid generally

resulted in an increased absorbance compared to the control, no significant
change in chromatograms
components.

was observed to assure the production o( volatile

In ,;ew of the fact that the enl.yme preparations

used in this

study were limited largely to those from either the large green or the red ripe
stage,

it is possible that aspartic

o( preparations

from tomatoes of other maturity stages.

the reaction products of aspartic
than in ether,

acid might serve as a precursor

in the presence

It is also possible that

acid may be more soluble in aqueous solution

so that they were not detected in the chromatograms

which were
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essentially

obtained from the ether exlr act of the reaction mixtures.

The presence of two amino acids in the same reaction mixture sometimes re s ulted in some new compone nts (Figure 121B). Provided lhat this is
true also for other amino aclds not studied in the present investigation,

then the

possibility exists that many volatile components will be formed during the process
of amino acid metabolism . Recent work in our laboratory

has indicated the

presence of more than 60 flavor components from red ripe tomato extracts,
evidenced by gas chromatographic

analysis.

as

From the results obtained in the

present study, it seems safe to say that many of those components may arise
from the metabolism of a single amino acid, or several amino acids working
together simultaneously.

In other words, the aroma components found in tomatoes

may either be the direct immediate reaction products of amino acid catabolism or,
further , the indirect reaction products formed by the iotel'nc tions
intermediates

between the

which are in turn produced by different amino acids in the course

of their catabolism.
Results obtained in the present study have not only confirmed the earlier
suggestions by many workers that amino acids can serve as aroma precursors,
but also have shown that the processes
amination.

It is of interest

the role as precursors
comparative

of conversion

apparently involve trans-

to note that those amln .o acids that apparently play

for the production of volatile components are those found in

abundance in the amino acid analysis,

and those whose concentrations

changed markedly during the ripening of tomatoes (Table 1). The work reported
by some workers with respect

alpha-ketoglutarate

to the changes in concentrations

of pyruvate and

in growing tomatoes is noteworthy . According to Andreotti and
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Barbieri

(1959}, alpha-ketoglutaric

pyruvic acid decreased
ripening.

acid increased

from 8. 4 to 22. 7 mg, and

from 65 to 6. 2 mg per 100 grams dry matter during

The following explanation is possible in the light of the results

obtained from the present study.

In the ripening tomatoes,

of alpha-ketogl utaric acid probably reflects

the increased amount

the enhanced synthesis of this com-

pound, which is needed for the transa1nlnlition :ceaction.

The utilization of pyruVic

acid in the synthesis of volati le compounds, such as propanal found in these experiments may partly account for the marked decrease

in the concentration

of pyruvic

acid.
Although the experiments

conducted in this Invest igation were originally

based upon the formation of carbonyl compounds and the subsequent studies limited
to a few amino acids, it must be e mphasiz ed that some other amino acids and even
other related compounds should not be excluded as precursors.

Those compounds

which did not give 'increase · in carbonyl compounds may give rise to other volatile
components such as alcohols or esters.
In many experiments,

A good example in this respect ls valine.

this amino acid gave no Increased absorbance at the specific

wavelength used, yet the results

of gas chromatographic

analysis showed formation

of volatile components by some of the enzyme preparations.
While it is still premature

to discuss the pathways by which the volatile

components were produced from amino acids, as not all the components shown in
the chromatograms
postulated.

have been identified,

the biosynthesis

With alanine being used as substrate,

of propanal may be

it ls apparently rather easy to

obtain prop!onyl CoA as one of the reaction products in its metabolism,

The CoA

72
moiety from propionyl CoA may be transferred
esterase,

to succinlc acid by transthio-

forming succinyl CoA and free propionic acid, as shown in the

following scheme:

x

Alanine
Glutamate

o(

x

- Ketoglutarate

Pyruvate
Oxaloacetate

x

Methylmalonyl CoA
Propionyl CoA
succinyl CoA

As for the relationship
available.

Succinate
Propionate

between leucine and propanal, no information is

The pathways by which propionyl CoA may be obtained from leucine

are, however, not entirely unknown. It has been established
catabolism acetoacetate

that in the leucine

and acetyl CoA are the two products (Coon and Gurin,

1949; Coon, 1950). The acetyl CoA thus formed may go Into the citric acid
cycle, where it may eventually give rise to succinyl CoA. The latter compound
may then be metabolized to methyl malonyl CoA, which may be converted to
proplonyl CoA in the presence of propionyl CoA cocarboxylase.
the reactions

Undoubtedly,

mentioned here are only some of the many possibilities.

exploration of these, a further study is necessary.

For
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SUM!vIARY

Experimental

procedures

that crude enzyme preparations
acids to volatile components.
the enzyme preparations

and data ha:ve been presented to demonstrate

from fresh tomatoes could convert certaln amino
The carbonyl compound production activities of

from the field-grown tomatoes were generally higher

than those from greenhouse-grown
amino acid added as substrate,

tomatoes.

Even in the presence of the same

the volatile components produced by the extracts

from field-grown tomatoes were more abundant than those produced by the extracts
from greenhouse-grown

tomatoes.

Enzyme preparations

from young fruit possessed

very little enzymatic activity despite the high protein concentration
The activity of the preparations

increased

with increased

of the preparations.

maturify of the fruit,

and different amino acids gave rise to different volatile components.
Among the amino acids studied, alanine, leucine, and valine were found
to be most important in producing volatile components enzymatically.

One of

the common products appeared to be !)_!'Opanal,the presence of which in tomatoes
has not been well known.

This compound was found to be the only volatile com-

ponent produced from leucine by the enzyme preparation
young tomatoes.

With the same preparation

detected when other substrate
in the highest concentration

no volatile components could be

amino acids were used.

Propanal was present

in the reaction mixtures containing alanine and enzymes

from red ripe tomatoes grown in the field.
important as a precursor

from greenhouse-grown

Alanine was found to be especially

for, the production of carbonyl compounds, whereas
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both leucine and valine appeared to be important for the production of alcohols
by the red r ipe tomatoes.

Tbe addition of two amino acids in the same reaction

mix tur e resulted in a new volatile component on some occasions.
a great possibility

This suggests

ln the synthesis of more volatile components from amino acids

through the interaction

of the intermediates

produced during the catabolism

of the individual amino acids.
The production of volatile components from amino acids by the enzyme
preparations
a decrease

appeared to involve transamination.
in the substrate

acid was observed.
identified,

During the enzymatic reactions,

amino acid and a concomitant Increase in glutamic

Based upon the enzymatic reaction products tentatively

some hypothetica l pathways of the biosynthesis

components have been suggested .

of a few volatile

PART THREE

CHARACTERISTICS OF THE ENZYMES
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INTRODUCTION

In Part Two it was s hown that cr ude enzy me extracts
possess considerable

from tomatoes

activit es in con verting certain amino acids into several

volatile components which had been found to exist in the ripe fruit . The conditions employed in the assay wer e ba sed on those described by Mac Leod and .
Morgan (1956) in their studies on Streptococcus
to demonstrate

the enzymatic activities

not necessarily

be optimum for the experiments

lactis.

Although i t was possible

using their conditions,

the latter may

conducted so far.

In order to

facilitate future studies it see ms of value as well as of interest to investigate
more extensively the cha r acteristics

of the enzymes.

It was also mentioned that transamination

appears to be involved in

the conversion of amino acids to volatile components.
transamination

In amino acid metabolism,

is no doubt an extremel y Important step, and is essential for many

amino acids to be metabolized further.

The tremendously

high concentration

of

glutamic acid found to be present in the tomatoes (Hamdy and Gould , 1962;
Tabl e 1) in the free state indicates the significance

of this amino acid in vivo.

If the production of aroma compon ents from amino acids has to go through the

transamination

process,

it should be possible to demonstrate

the inhibition of

enzymatic activity in part or entirely by means of some inhibitors known to
interfere

with the transaminase
Preliminary

preparations

activity.

experiments

have indicated that the activity of the enzyme

tended to djminish rapidly during storage.

The preparations

from
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frozen tomatoes had little activity.
chondrial

pr.enaratibns

There is also an indication that mito-

showed much greater capability of converting some amino

acids to volatile components, compared to the crude extract or the supernatant
obtained from extensive centrifugation . A further survey seemed necessary,
The present study was undertaken with an attempt to investigate the characteristics
of the enzyme preparations

with respect to the production of aroma components.
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EXPERIIVIBNTAL

Material
Because ne ither the greenhouse -grown nor the field-grov.'ll samples
were availa ble , and because sa mple fruit whi ch had been stored in the cold
(about -20 C) had little activity,
extra cts in these experiments

most to matoes used for preparation

of enzyme

were those purcha.sed in the local market.

were said to be produced in California,

They

but their varieties were not known. The

stage of maturity of the fruit used was stated in each experiment.

Preparation

of enzyme extracts

Except otherwise stated,
enzyme extracts

the methods used in the preparation

of

were the same as those described previously.

Assay methods
The proced ur es employ ed in the a ssay remained the same as before.
Assay condi tions In one experiment,

howeve r , differed from those in another,

depending on the objective of the partic ular experiment,
necessa ry.

In principle,

and are statod whenever

the reaction mixtures which contained enzymes and

substra tes were incubated for a period of time with an occasional agitation,
at the end of the incubation , DNPH was added.
pounds was determined

by the increase

and

The formation of carbonyl com-

in absorbance at 510 mp, which was con-

sidered to be due to the production of 2, 4-dinitrophenylhydrazone

derivatives.

Relative enzymatic activity was the same as defined previously (Part Two).
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RESULTS

Substrate concentration
The effect of substrate concentration on enzymatic activity differed
with amino acids used as substrates

and also with enzyme preparations .

Figure 14 shows the results obtained with enzyme extracts from tomatoes at
the breaker or the sixth stage.

As seen from the figure, enzymatic activity in

general increased with substrate concentration.

Enzymes responsible for con-

version of alanine and aspartic acid appeared capable of utilizing more than
5 µ moles of either amino acid, whereas the highest activity for leucine and valine
appeared at lower concentrations.

In the following experiments,

5 µ moles of

each amino acid were added In the reaction mixture.

Enzyme concentration
When 5 µ moles of amino acid were used in each of the mixtures and
incubated with different amount of enzyme preparations,
observed.

some unusual results were

As shown in Figure 16, the highest rates of converting to product were

obtained at 0. 5 ml., 0. 25 ml., and 0. 75 ml. of enzyme extracts for alanine,
as par tic acid, and leucine, respectively.

In this particular

experiment,

valine

was found again to show negative activities for all treatments.

pH effect
An experiment was conducted in which the activities of enzyme extracts
prepared in two different buffer systems were compared.

One extract was prepared
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by the usual procedure using 0. 1 M Tris-HCl
was used as control.

buffer of pH 8. 4.

Another extract was prepared

This preparation

by use of O. lM acetate

bufCer of pH 5, O. , the amount of the sample and buffer being in the same pro portion (w/v).

Two substrate

solutions were used.

while another consisted of the same ingredients

One was the usual solution

as usual, but was prepared in

0. 1 M acetate buffer of pH 5. O.
As shown in Table 10 pH had a significant effect on the enzymatic
activities

for all the amino acids tested.

The enzymes extracted with the acetate

buffer bad lower activity to convert both alanine and aspartic
the control.

acid compared with

They were entirely inactive toward leuclne and valine . This situation

was more marked if the substrate
Enzymes prepared

solution was also made in the acetate buffer.

by the usual method lost their activity to a great extent if

they were added to substrate

solution made of acetate buffer.

In general,

it

appeared that lowering the pH of the reaction system resulted in diminishing
the enzymatic activity.

Enzymes responsible

valine seemed more susceptible

for conversion of leuclne and

to pH changes than those for alanine and aspartic

acid.

Temperature

effect

The effect of temperature

on enzymatic activities

20, 25, 30, and 37 C, respectively.
were low for incubation temperatures
activities

was studied at 0, 10,

As shown in Figure 16, enzymatic activities
below 20 C, Beyond this temperature,

increased very rapidly and reached their optimum at 30 C. Enzyme

preparations

boiled for a few minutes were inactive.

the
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Table 10. Effect of buffers on enzymatic
from tomatoes

Buffer system for
enzyme extraction
Tris-HCl

buffer,

activity of different preparations

Enzymatic activitv
Substrate in
Substrate .in
Tris-HCI
acetate
buffer, pH 8. 4
buffer, pH 5. 0

Substrate
pH 8.4a

51

5

9

9

Leucine

32

0

Valine

15

0

Alanine

14

5

5

2

Leu cine

0

0

Valine

0

0

Alanine
Aspartic

Acetate buffer, pH 5. 0

a

Aspartic

acid

acid

aEnzymes were extracted from commercial tomatoes at the red stage. The
extracts prepared with Tris-RC! buffer contained 3. 05 mg. protein per ml.
extract, whereas those prepared with acetate buffer contained 2. 66 mg.
Incubation was conducted at 37 C for 5 hours.
protein per ml. extract.

Freezing

effect
In order to study whether enzyme extracts

retained

activities,

enzymes were prepared

from frozen tomatoes still

from tomatoes grown in the field

but stored at -20 C for about one month before use.

As shown in Table 11, tho

enzymes were completely inactive towards leucine and valine.
some activity toward aspartic

acid.

They retained
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Table 11.

Effect of freezing on enzymatic activities
Enzymatic activities
Substrate

Large green tomatoes

Aspartic acid

Alanine

Source of enzyme

a

Valine

0

0

(11)

(2)

0

0

11

2

( 13)

(25)

6

6

(12)

(0)

Red ripe tomatoesa

Leu cine

(5)

(19)

a Tomatoes used in thi.s experiment were harvested in the field and stored in
the freezer at -20 C for about one month. Enzymes were extracted with
0. l M Tris-HCI buffer of pH 8. 4. Values in parentheses show the activities
of preparations from fresb fruit reported in Part Two and are listed here
for comparison.

Enzymatic activity in relation to soluble
and insoluble fraction
A comparative

study on activity was made between the soluble fraction

and the mitochondrial preparation

of the enzyme extracts.

Tomatoes at pink

stage were employed for this purpose.

Crude extracts

were prepared

as usual.

They were then divided into 5 portions:

One portion was used as such, while the

others were centrifuged for 10 minutes at 5, 000, 9, 000, 15, 000, and 25, 000 x g,
respectively.

The supernatant

from individual centrifugation

and used as such, while the precipitates
Tris-HCl

buffer of pH 8. 4, recentrifuged

they were originally precipit.'lted.

was separated

were each washed with 10 ml. of 0. l M
for 10 minutes at the same speed at which

The supernatant

was discarded,

and the pellets
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were mixed with 10 ml. of the same buffer and used as the insoluble fraction.
Protein content of each preparation
shows the aoti vity of each fraction.

was determined

Figure 17

Tho enzymatic activities of the various

supernaUUlts did not change appreciably
different amino acids used as substrates.

with centrifugation

speed nor with the

'rhe acti vitios of each of the precipitates,

however, differed with tho speed of centrifugation
acids.

as before.

as well as with different amino

For leucine the activity of the insoluble fraction increased

ation was conducted at 9, 000 x g; but the preparation

when centrifug-

lost its activity at 15, 000

x g. The activities of the insoluble fraction toward alanine and aspartic

acid

were strikingly high when compared with those of the insoluble fraction,

ranging

from 15 to 20-fold, and from 10 to 60-fold, for alanine and aspartic acid,
respectively.
As seen from Figure 17, change in activities
aspartic

acid exhibited different patterns.

centrifugation,
contrary,

the higher the enzymatic

for aspartic

for both alanine and

For alanine, the higher the speed of
activity of the preparation.

acid the activity decreased

progressively

On the

as the preparation

was obtained at higher speed.

Activators

and inhibitors

Experiments

were conducted to investigate whether or not the enzymes

would be activated or inhibited by some reagents.

For this purpose,

of 10 m.M and 100 mM MgC1 , 5:mM thiamine pyrophospahte
2
adenosine triphosphate

(TPP),

(ATP), 5 m.M glutathione (GSH), and 0. 1 mM

solutions
5 mM
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p-chlorom er curibcn zoate (PC.M) were s eparate ly prepared in 0.1 M-Tris - HCl
buffer of pH 8. 4.

For each tr ea tment, a 0. 5 ml. portion of each of these test

s olutions was added to the reacti on mixture.
for 3 hours.

Incubation was conducted at 37 C

The results obta ined fr om a preliminary

experiment are shown

in Table 12.
As seen from the table, the enzymatic activity varied with different
reagents as well as with different subst r ates.

Under the experimental

condl tions, all the reagents appeared capable of acting either a.s activators
as inhibito r s.

Whereas at lower concentrations,

or

MgC1 was 11o t effective for
2

leucine . valine , and alanin e, it showed some inhibition .to the conversion of
aspartic

acid.

The enzymes responsible

for the conversion of aspartic

were greatly activated by a higher concentration
while at this concentration,

++

of Mg

the ions became inhibitory

acid

ions (50 }l moles),

to the conversion of

other amin o acids .
Thiamine pyrophosphate (TPP) appeared to activate the enzymes for
leucine , valine , bu.twas somewhat inhibitory to aspartic
effect was manifested when alanine was the substrate.
concentration

acid conversion.

No

The effect of ATP at the

used (2. 5 }l moles) was not marked except that aspartic

acid con-

version was inhibited . A 100 per cent activation was observed for leucine when
\.

glutathione was added in the reaction mixture.
both alanine and aspartic

the conversion of

acid was slightly inhibited by this reagent.

The effect of p-chloromercuribenzoate
both alanine and leucine.

In contrast,

as an inhibitor was definite for

This inhibition could be reversed

by addition of

Table 12. Effect of various reagents

on the enzymatic

activity of tomato extracts a

Reagent (concentration
MgCJ' '
2

None
5

TPP
50

Substrate

ATP
2. 5

. 012b

Alanine
acid

PCM + GSH
0. 025 + 1. 25

,

. 018

. 014

. 024

-. 014

- .005

-. 01 8

---- c

-.0 12

. 084

. 171

. 163

. 158

- . 004

. 168

. 229

. 076

. 049

. 066

. 199

. 012

. 010

. 004

-. 019

---- c

. 170

.168

. 086

. 059

-.010

Valine

PCM
0. 05

GSH
2.5

Change in absorbance

Leuclne

Aspartic

2. 5

in !! moles)

- . 003
c

aEach reaction mixture contained 0. 5 ml. of crude extract (1. 45 mg. of protein) from commercial
b tomatoes at red stage.
Values indicate difference in absorbance between each sample and its control or zero time treatment.
~Data not available.
Abbreviations used: TPP, thiamine pyrophosphate; ATP, adenosine triphosphate; GSH, glutathione;
'
PCM, p-chloromercuribenzoate.
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glutathione

when alanine was the substrate . No reversal

was used as the substrate.
acid serving as substrate:
benzoate was activating.

An unusual response

was evident i( leucine

was observed with aspartic

glutafuione was inhibitory while p-chloromercuriWhen both these reagents were present at the same

time in the reaction mixture , a great inhibition was exhibited:

the absorbance

of this mixture was much lower than that in which either of these two reagents
was present alone.

' .
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DISCUSSION

The enzyme preparations
characteristics

which are common for most enzymes.

U10enzyme concentrations,
the extracts,

under Investigation exhibited some

pH, temperature,

The substrate

and

metl!ods of preparation

all had an effect on the activities of the preparations.

of
The

enzymes were apparently capable of utilizing more alanine and aspartic
acid than leucine and valine.

was not observed in the presence of 5 p moles of alanine and

saturation
asparatic

Under the expe1·imental conditions substrate

acid per reactl.on mixture,

whereas for Jeucine and val!ne it was

observed at 4 )l moles and 2 p moles, respectively
be mentioned,

however,

(Figure 14).

It must

that the plateau shown by use of both leucine and

valine might indicate the starting point at which part of the synthesized
carbonyl compounds was being converted to some other compounds, such
as alcohols.
parations

This is possible in the light of the earlier

finding that the pre-

from ripe tomatoes tended to convert leucine and valine into

alcohols whereas to convert alanine into carbonyl compounds (Figure 11).
The fact that addition of more enzyme extract was somet i mes not only
ineffective but also inhibitory is rather striking (Figure 15). Fo1· alanine
and aspa1·tic acid, the inhibition was more significant:
decreased
mixtures.

enzymatic activ ities

steadily with inci·eased amount of the extract added to the reaction
The reason for this is not clear.

it was due to some inhibitors

H may be possible,

present in the enzyme extract itself.

however, that
Since
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the preparations

were, as men tioned before, ess entially crude extracts ,

many inhibi tors as well as acti vators might be present.

1'hus an increase

in the amount of e nzym e extrac ts in the reaction mixture would at the same
time mean an addition of more inhibiting substances.
may be glutamic acid.

One of the possibilities

As shown in Table 1, glutamic acid was present in

free . state at an extremely high concentration . Addition of more enzyme
preparation

to the reaction mixture would therefore,

glutamic acid simultaneously.

Since glutamic acid was found to be one of

the reaction products in the conversion of substrate
Table 9), an increased

amount of enzyme preparation

mixture would be equivalent to an increased
Enzyme preparations

mean to add more

amino acids (Fibrure 13;
added to the reaction

"feed back" process.

from frozen fruit had little activity toward

some amino acids, while they completely lost their activity toward some
others . Denaturation of the enzym e protein during the freezing process
might have taken place.

Rupture of the cell walls and other cellular mem-

brane upon freezing might have caused a drastic
o( the protein structures.

change In the configuration

Il may also be possible that during this process,

the enzymes mig ht have been inactivated by a long contact with the cell saps,
which appeared to be higbly acidic.

and which were forced out o( the vacuoles

because of the rupture of the tonoplast .
It is interesting

to nole the difference

in enzymatic activities between

the soluble and the insoluble fractions of lhe extracts

(Figure 17). This would

indicate that the locations of enzymes respo nsible for conversion of each of
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the substr ate amino acids arc different.
show ed the presence

Results of the present experiment

of much higher enzymatic activity In the insoluble frac tion

for alru1ine and asparlic

acid.

This fraction may be considered

chondrial preparations.

It has been suggested

that the alanine -glutamic acid

and the asp ar tic a.cid- glutamic acid tr a.nsaminases.arc
mitochondria
results

located primarily

study gave a. similar

conclusions.

soluble fraction did not change its activity for any substrate

substrate

in the

of plant cells (Wilson et al ., 1954; Bone and Fowden, 1960).

obtain ed in the present

centrifugation

as the mito-

, the mitochondrial

amino acids,

preparation

While the

even after an extensive

did show variances

with different

as shown in Figure l 7.

Inhibition of the anzymatic activity by p-c hloro mercuribc.nzoate
some amino acids was shown experimentally

(Table 12).

as another indit 'ect evidence that the enzymatic
naUon , becau se transaminases

reactions

for

This might serve
involved transarni-

as well as many other p}:Tidoxal - conta.ining eniymes

are known to be inhib ited by sulfhydryl group reagents
Jenkins , 1965).

The

For the conversion

(Martinez-Carrison

and

of leucine to carbonyl compounds the

enzymes requi r ed the sulfh ydryl groups for their activity.

'This is readily

see n from the facl that with U1is amino acid being used as substrate,

the

ac ti vi ty was ext remel y enhanced by addition of glutathione but was reduced
to zero by addition of p-chloromercuribenzoate
The steady decrease

.

and the subsequent disappearance

in the free amino acid of ripening tomatoes , as shown earlier
' lt.lW

of cysteine
(Table 1). may

i>eexplainod , U10cyste ine origina lly pl'esent as one of the free amino

acids mi gh t have been utilized for the synthesis

of transaminase.
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That different enzymes might be acting on alanine and leucine
respectively

can also be seen from the observation

enzymes by p-chloromercuribenzoate

that the inhibition of the

could be reversed

by the addition of

glutathione in the case of alanine whereas this situati .on was not true in the
case of leucine.
(Table 12).

The situation becomes more complex with aspartic

In order

to solve many of these problems,

purified enzyme preparations

may be valuable.

acid

further srudies using
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Experiments

were conducted to investigate some of the characteristics

of the enzymes responsible

for the conversion of amino acids to carbonyl com-

pounds . The enzymes exhib ite d specificity
substrate.

for each amino acid use d as a

Their activities were greatly affected by pH values, temperature,

subs tr ate and enzyme concentrations.

Frozen fruit bad little enzymatic activity.

For alanine and aspartJc acid , the mitochondrial preparations
activity than the soluble fraction,
was not active.

had much higher

whereas for leucine the insoluble fraction

The activation and inhibition of the enzymes by various reagents

were also studied.

Enzyme s co ncerned with the conversion ofleucine

activated by glutathione and irreversibly

were

inhibited by p-chloromercuribenzoate,

whereas those concerned with the conversion of alanine were inhibited equally
by the same reagen t but this inhibition could be reversed
iilutathionc.

This . ev idence

different substrate
The earlier

in the presence of

suggest s that different enzymes are acting upon

amino acids and that the sites of the reactions are different.

findings that the conversion of amino acids to carbonyl compounds

involves transamination
men tal results.

have been indirectly confirmed by the present experi-
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SUGGESTIONS FOR FUTURE WORK

l.

To identify all (he enzymatically

produced volatile components.

the compounds produced by the enzymatic reactions
main 10 be identified.

in the present study re-

An extensive use of gas chromatography

components as well as of thin layer chromatography

Some of

for the volatile

for their derivatives

may

be employed.
2.

To study the enzymatic reaction products from various amino acids by

preparations

from tomatoes at different stages of maturity.

emphasized two stages of maturity,
stages.

namely, the large green and the red ripe

By extending this study to preparations

of maturity,

It may be possible

The present study

fo understand

from each of the nine stages
the production of certain

com-

pounds at a certain growth stage of the f-ruit. It may also be possible to discover the production of some other components not found in the present investigation.
3. Attempts could be made to use compounds other than amino acids as
precursors

In furthering the study.

sideration

because of the close relationship

in their metabolism.

In addition,

Sugars may be important in this conbetween amino acids and sugars

lipids could also be considered.

The study

of lipases in connection with the ripening of fruit may provide some new information.

The importance of mitochondria in relation to fruit lipid metabolism

has been reported.
participate

In some mitochondrial

fractions enzymes were found which

in the hydrolytic breakdown of neutral lipids to free fatty acid
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and glycerol or transfer

of acyl moieties to free CoA

fatty acids thus may result

4.

Biosynthesis

in contributing to the flavor of fruit.

Once all the information listed above has been obtained,

to use labeled precursors

component.

of different

it may be possible

to study the pathways of the biosynthesis

of a certain

A device attached to tbe outlet of the ordinary gas chromatograph

so that the radioactivity

of each component can be recorded simultaneously

may be useful for this purpose.
5. To characterize

the enzymes concerned with the conversion of each amino

acid to volatile component.

In order to characterize

the enzymes must first be purified.

Fractional

ammonium sulphate may first be attempted.
chromatography
purer form.
ter! zation.

the enzymes concerned,

precipi tatlon by use of

Different kin,ds of column

may be tried in order to obtain the enzyme protein in a

The purified enzymes may then be subjected to their charac-
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Table 13. Analysis of variance and means for dry matter content of tomatoes
at different stages of maturity

Source of variation

Mc,m squares

F-tcst

value

Fireball

0. 176

V.R. Moscow

0.577

Fireball

0.366

10.17**

V. R. Moscow

1. 20

52.17**

Fireball

0.033

V. R. Moscow

0. 023

Fireball

O.41

V. R. Moscow

0. 34

Fireball

0. 59

V. R. Moscow

0. 49

17

Total

Treatments

Experimental

nc g·rcc s Of
freedom

8

error

9

LSD .05

LSD. 01

**Significant at 1 per cent level.

107

Table 14. Analysis of variance and means for alcohol soluble material
tomatoes at different degrees of mab.lrity

of

Degr ees of

Sourc e of variation

freedom

F-test

Mean squares
Fireball

value

85.13

17

Total

V. R. Moscow 165. 43

Fireball

162.52

8

Treatments

V. R. Moscow 278. 16

Experimental

error

Fireball

16. 34

V. R. Moscow

65. 43

9

Fl reball

9. 2C

LSD . 05
V. R. Moscow

18. 3

Fireball

13. 1

V. R. Moscow

26. 2

LSD. 01

**Significant at 1 per cent level.
*Significant at 5 per cent level.

9.95**

4.26*
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Table 15. Analysis of variance and means for total nitrogen of toma toes at
different stages of maturity

Source of variatio n

Total

F - test value

Mean squares
Fireball

10.41

V. R. Moscow

19. 81

Fireball

19. 57

8. 62**

V. R. Moscow

38. 83

13. 37**

17

Treatme nts

Experimental

Degrees of
freedom

8

error

Fireball

2. 2 7

V. R. Moscow

2. 90

Firebal I

3. 4

V. R. Moscow

3. 9

Fireball

4. 9

V. R. Moscow

5. 5

9

LSD . 05

LSD. 01

**Significant at 1 per cent level.
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Table 16. Analysis of variance and means (or pro tein nitrogen of tomatoes
at different stages of maturity

Source of variatioo

Degrees of
freedom

t'ireball

value

6. 05

17

Total

Treatments

Experimental

F-test

iMean squares

V. R . Moscow

19. 00

Fireball

11.80

12.69**

V. R . Moscow

38. 96

30.92**

8

error

Fireboll

0.93

V. R. Moscow

1 . 26

Fireba ll

2. 2

V. R. Moscow

2. 5

Fi re ball

3. l

V. R. Moscow

3. 6

9

LSD. 05

LSD. 01

**Significant at l per cent level.
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Table 17. Analysis of variance and means for protein nitrogen as per cent of
total nitrogen
Source of variation

Degrees of
freedom

Fireball

45.90

17

Total

V. R. Moscow

Fireball
T 1•eatments

276. 76

73,89

3.52*

550. 16

16.30**

8
V. R. Moscow

Experimental

F-test value

Mean squares

error

Fireball

21.01

V. R. Moscow

33. 75

Fireball

10. 4

V. R. Moscow

13. 2

Fireball

14. 9

V. R. Moscow

18. 9

9

LSD.. 05

LSD . 01

**Significant at 1 per cent level.
*Significant at 5 per cent level.
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Table 18.

Analysis
different

Source of variation

of variance and means for starch
stages of maturity
Degrees of
freedom

F-test

Mean squares
Fireball
V. 'R. Moscow

Treatments

va lue

174, 961. 04

60, 96 l. 79

Fireball

368,608.22

V. R. l\Ioscow

128, 101. 55

130.24**

8

error

Fireball

2,830.2

V. R. Moscow

!,282.0

9

F ireball

120.3

LSD .05
V. R. Moscow

81. 0

Fireball

172.9

V.R. Moscow

116.4

LSD . 01

**Significant

at

17

Total

Expertmental

content of tomatoes

at l per cent level.

99 . 92* *
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Table 19. Analysis of variance and means for amylose cont.ent of tomatoes at
different stages of maturity

Source of variation

Degrees of
freedom
Fireball

33,214.97

17

Total

V. R. Moscow

Treatments

Expe ·rimental

F-t.est value

Mean squares

8, 341. 87

Fireball

70,509.19

V. R. Moscow

17, 632. 22

1,075.73**

8

error

Fireball

65.55

V. R. Moscow

83.78

Fireball

18.3

V. R. lMoscow

20. 7

Fireball

26. 3

V.R. Moscow

29.7·

9

LSD. 05

LSD. 01

**Significant at l per cent level.

210.45**
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